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“In short, the thing which is to be accepted and 
paid heed to is not what is originally given but 
that which emerges after the thing has been set 
under a great variety of circumstances in order 
to see how it behaves (Dewey, 1920).” 
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Abstract. An Exploration of Building Energy Performance and 
Financial Value with Demonstration on UK Offices 
This research explores the relationship between expectations of building energy performance and 
financial value. The context of the United Kingdom was selected as a leading case, being a significantly 
large economy to enact legislation that commits the government to delivering ambitious emission 
reductions to mitigate climate change impacts. Taking a constructivist-pragmatist approach, this 
research triangulates the contribution of building energy performance to financial value. 
The UK has recently introduced the Energy Performance Certificate (EPC) as a signal of building energy 
performance. An initial investigation set out to evaluate the validity of EPCs as signals of occupier 
satisfaction with office facilities; and to understand whether occupant attitudes towards environmental 
issues have affected commercial office rental values. This was achieved by surveying occupant 
satisfaction with their workplaces using a novel multi-item rating scale which gathered 204 responses. 
Responses to this satisfaction scale were matched with the corresponding EPC and rental value of 
occupiers’ workplaces. The satisfaction scale was found to be both a reliable and valid measure. The 
analysis found that EPC asset rating correlates significantly with occupant satisfaction with all facility 
attributes. Therefore, EPC ratings may be considered valid signals of overall facility satisfaction within 
the survey sample. Rental value was found to correlate significantly only with facility aesthetics. 
A further study explores the relationship between plausible future change to the UK energy system and 
climate, and the financial value of real estate. A scalable explorative scenarios approach is developed 
to calculate value at risk to UK property from energy performance. This involves a novel approach to 
testing UK energy system futures through an exploratory analysis of 2050 end-states and demonstration 
on a diverse selection of typological cases inspired by real life contemporary buildings. In doing so, the 
significance of systematic risks to building energy performance can be quantified. If adopted, 
appropriate corrections could be made to financial assessments of energy performance to consider an 
environment where the social cost of greenhouse gas emissions are internalised. 
There is disparity in that the theoretical causal relationships between financial value and energy 
performance are not reflected by market premiums for EPCs in UK office markets. This research 
addresses this through making internally consistent comparisons between financial evaluations of 
energy performance and asset ratings developed using the National Calculation Methodology (NCM), 
statutory practice for deriving EPCs in the UK. Based upon the evidence provided by six case studies, 
a relationship between NCM and financial evaluations of energy performance is unclear. 
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1. Introduction 
1.1. Outline 
The term ‘sustainable development’ is inherently associated with concerns about the capability of 
society to at least sustain present standards of aggregate well-being into the foreseeable future, as well 
as seeking equity within the current generation. As innovations rapidly change the systems in which we 
operate, it is becoming increasingly challenging to take a long-term view of the consequences of our 
activities using conventional means. However, advances in science and technology do provide the 
means to explore longer-term risks, including: the capability to model, test and explore plausible change 
in complex systems; the ability to simulate future climates and the estimated annual performance of 
building environmental systems; and the social cost of progress towards a broad range of futures for 
national energy systems. Such methods can enhance decision-making capability and potentially allows 
for more effective management of the externalities created through social progress. 
This dissertation seeks to understand how to evaluate the energy performance of individual real estate 
assets in a scalable manner. Numerous considerations have influenced this positioning in order that its 
contents are most useful. The research needed to take a particular interest in relatively expensive 
buildings providing accommodation for industry sectors that have been found to grow independently of 
energy prices. Evaluating the long-term systematic risks to such assets could be considered interesting 
because such assets may be at great risk of obsolescence if occupiers adapted to changing conditions. 
It was also the intention that this research would include extensive engagement with practitioners, 
policy makers and current technology in the field in order to set the study within a relevant present day 
social context that can be immediately applied. A keen focus on the appropriate handling of uncertainty 
in considering complex systems over long time horizons was also needed in order to retain credibility. 
Of greatest priority was the intention not to place constraints on those studied so that the relevance of 
this research may be sustained within a creative and dynamic business environment. 
At the time of investigation the management of energy performance in real estate was an area of 
particularly dynamic policy intervention which many in industry were finding a challenge to understand 
and appropriately respond. In light of the evident need to find a solution, this research set out to consider 
the various perspectives and develop best practices for decision-making. It is principally intended to 
contribute towards asset and fund management practice, by developing new insights and capacity in the 
appropriate evaluation of energy performance. 
The research method is organised into three distinct studies with specific aims. The first study is a 
widespread analytical survey of workplace occupants in the UK. The survey is used to evaluate the 
significance of occupant perspectives towards workplace quality in relation to energy performance 
(compliance) certificates, attributed to respondent workplaces from a separate data archive. The second 
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futures study is intended to develop robust foresight for the evaluation of building energy performance. 
It builds upon energy cost data from the DECC 2050 Pathways Calculator, local future weather 
conditions from the Met Office and predictions of the social cost of carbon by the US Government 
Interagency Working Group by conducting an exhaustive analysis of UK energy system futures. From 
this study, quantitative scenario descriptions for the energy system, from 2010 to 2050, are developed 
across two climate change factors. A third study applies these scenario descriptions to the evaluation of 
building energy performance. A diverse set of six typological case studies informed and inspired by 
real buildings are evaluated using methods for evaluating both energy performance (financial) and 
energy performance (compliance). Future energy consumption is derived from the results of buildings 
simulation and then adjusted towards 2050 in response to the scenario descriptions developed 
previously. 
Through this research, a novel integrated assessment procedure has been developed to quantify 
expectations of real estate energy performance (financial) within a value at risk framework. This has 
been demonstrated on a selection of case studies. In doing so, a methodology is developed to value the 
energy performance (financial) of any habitable structure in the UK, internalising climate change 
expectations within present day asset management decisions. Widespread implementation could 
potentially provide clear signals for investors to amend present day asset values across entire markets 
by adjusting appropriately to such risks. 
The remainder of the discussion is arranged over eight chapters: 
Chapter 1: Introduces this research and provides a brief summary of the influences that motivated the 
research contributions. The summary identifies the most pertinent literature, justifying the research 
topic and showing awareness of the significance of the research within its wider context. 
Chapter 2: Formally defines the study’s scope and research strategy. Sets out a research purpose and 
discusses the research paradigm. This chapter also defines an overarching research question and three 
study aims, as well as explaining the research context and constraints. 
Chapter 3: A literature review to define scalable methodologies for evaluating the energy performance 
of real estate. 
Chapter 4: Discusses the development, distribution and analysis of a widespread analytical survey 
investigating the relevance of Energy Performance Certificates to workplace occupiers. 
Chapter 5: Describes an approach of scenario planning to explore futures for the UK energy system 
and climate towards 2050. 
Chapter 6: Describes the evaluation of plausible energy performance (compliance/financial) of 
commercial property assets using statutory and financial methodologies. 
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Chapter 7: Draws together and summarises that which has been achieved in this research. It restates 
the research purpose and aims, explaining how these were addressed. This chapter also provides a brief 
summary as to the research findings and provides a concise evaluation of the research. 
Chapter 8: The final chapter of this dissertation provides an outline of its most significant 
contributions, potential implications and explores new avenues of endeavour to further advance this 
area of work. 
 
1.2. Motivations 
This section provides a brief summary of that which influenced the overall research question and study 
aims of this dissertation. Each consideration is large in scale and depth, and therefore a thorough 
discussion of each is beyond its scope. However, it is intended that the summary identifies the most 
pertinent introduction, providing evidence of the research significance. In Section 1.2.1 it begins by 
defining and discussing a basis for valuation through mathematical formulations of intergenerational 
welfare, with a brief discussion of quality of life and ethical considerations. In Section 1.2.2 the 
overarching problem of climate change is then described as a market failure, including its scientific 
basis, expectations, estimation of the social cost of greenhouse gas emissions and an overview of the 
political response from the developed world when faced with such an emerging understanding. 
 
1.2.1. Intergenerational Welfare 
In order to value any asset it is critical to set out a consistent framework for valuation with an 
underpinning ethic. This provides a lens through which the perspective of this dissertation can be set. 
This dissertation defines intergenerational welfare as an underpinning perspective based upon the 
ethical position of neo-classical utilitarianism. It builds upon the Ramsey formulation in which a 
mathematical theory for the philosophy is defined. However, it diverges from purely normative theory 
in acknowledging the importance of rights, including human rights, as an additional component to an 
individual’s welfare in evaluating their well-being. Further, this section also describes how the 
distribution of wealth is a key determinant of aggregate well-being. Such a goal-based ethical position 
provides a means for asset valuation and leads to the necessity of social discounting of future 
consumption within imperfect economies. 
 
Ethics 
Sensation, perception and feeling are experienced by the individual. A desired quality of life may be 
influenced by ones inherent functional preference, physical condition, education, locality, and the 
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strength of relationships. Dasgupta uses the term well-being to denote the quality of life (Dasgupta, 
2001). There is an argument for treating all sentient beings equally, which if accepted would have major 
implications for the institutions of society and social order. However, this dissertation will externalise 
the concept as being too extreme to the prevailing culture of most society. Thus, it pragmatically focuses 
in particular on the state of human well-being. 
The resources consumed in satisfying human needs require economic considerations to efficiently 
manage personal well-being. Normative economists often regard only individual circumstance, or level 
of welfare, in a state of affairs as important. This is known as the neutrality assumption (Dasgupta, 
2001). Arrow, May and Sen assert that this position of neutrality is effectively an avocation of 
anonymity with respect to social states, which is a requirement that human beings be treated equally 
(Arrow, 1963; May, 1952; Sen, 1970). However, Sen states that anonymity isn’t a compelling argument 
when applied to social states. Adherence to treating individuals with a minimum level of decency, by 
respecting basic human rights for example, may involve violation of this neutrality assumption. Sen 
asserts that an individual’s well-being is more appropriately defined as individual welfare along with 
the rights one enjoys (Sen, 1982). Many rights are very valuable. The legal right to private property can 
be justified on the grounds that it enables economic progress (Dasgupta, 2001). So too are the 
institutions of a community that embody the framework used by its members to uphold core values. 
Waldron defines the notion of social well-being, an aggregate of individual well-beings, as being goal-
based. Dworkin states that a goal can be considered a non-individuated political aim (Dworkin, 1978). 
In contrast, rights-based theory is generated only by concern for the individual (Waldron, 1984). O’Neill 
asserts that goal based theories are collectivist, technocratic, formulaic, and ultimately ‘algorithmic’ 
(O'Neill, 1986). Dasgupta builds upon goal-based theory by defining social well-being as not simply an 
average of individual well-being, but also a phenomenon that takes into account other distributional 
features, such as variance and skewness. This is in line with classical utilitarianism which states that 
observed marginal utility is inversely proportional to income (Dasgupta, 2001). 
Classical Utilitarianism prescribes happiness as a whole as the ultimate end to action (Sidgwick, 1907). 
The major criticism of this perspective is that it allows for a world of huge population size and a very 
low level of average well-being. Parfit termed this tendency for recommendations of overly large 
populations the ‘Repugnant Conclusion’ (Parfit, 1984). Dasgupta refutes this argument, stating that 
there is nothing repugnant about a very large imaginable population enjoying positive well-being. He 
asserts that the problem with Classical Utilitarianism is that it casts the challenge of understanding 
desirable population and consumption as a potential problem, not a real problem. The challenge of 
managing population and consumption is actually a difficulty that everyone needs to deal with in the 
present (Dasgupta, 2001). 
 
Aidan Parkinson 
Page 5 
Mathematical Formulation 
Ramsey established intergenerational welfare economics along the lines of Classical Utilitarianism. 
Social value is considered the product of a generation’s well-being and consumption, with a future that 
is assumed infinite. His philosophy can be summarised using Equation 1 (Ramsey, 1928). 
Equation 1: Ramsey’s mathematical theory of saving 
𝑉𝑡 = ∑ 𝑈. (𝐶𝑡)
∞
𝑡  for, 𝑡 ≥ 0 
Where, 
𝑉 = social value, which could potentially by quantified using any currency. 
𝑡 = time. 
𝑈 = a generation’s well-being. 
𝐶 = consumption. 
Founded upon instrumentalist principles, Ramsey’s “mathematical theory of saving” provides a useful 
rationale for the development of intergenerational well-being throughout society. In Ramsey’s own 
words such “variable hypotheticals (general propositions) are not a judgement but a rule for judging”. 
Therefore, the theory does not claim to be a truly valid explanation of nature, but more a normative 
concept (Ramsey, 1931). The major criticism of Ramsey’s work is that the future values of well-being 
are not discounted and the assumption that our future is infinite (Dasgupta, 2001). Ramsey asserted that 
to discount future well-being is ethically indefensible and arises from weak imagination (Ramsey, 
1928). However, in imperfect economies consumption plans cannot be fully optimised which aﬀect the 
determination of an appropriate discount rate. Indeed, it is hard to believe that collective consumption 
trajectories spanning many generations over the next few centuries is socially eﬃcient given the 
uncertainty faced today. Conﬂicts of interest and rigidities inhibit society’s ability to adapt rapidly to 
news about the future productivity of capital and growth of economy. Under such conditions social 
discounting is required to manage the impatience of society to consume goods and more equitably 
distribute consumption between the wealthy and poor (Arrow, et al., 2012). Social discount rates may 
be derived using Equation 2. Equation 3 describes how social discounting can be incorporated into an 
appraisal of intergenerational well-being (Dasgupta, 2008). 
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Equation 2: Determinants of long-term social discount rate 
𝑠 =  𝜂. 𝐺(𝐶𝑡) + 𝛿 
Equation 3: Incorproation of social discount into Ramsey model 
𝑉𝑡 = ∑
𝑈.(𝐶𝑡)
(1+𝑠)𝑡
∞
𝑡   for, 𝑡 ≥ 0 
Where, 
𝑠 = social rate of time preference, also known as social discount rate. 
𝜂 = elasticity of marginal utility with respect to consumption, indicative of how much weight should 
be given to the consumption of the poor relative to the wealthy. 
𝐺 = growth rate, which changes depending on future scenarios. 
𝛿 = pure rate of time preference, indicative of our impatience to have goods now instead of in the future. 
 
1.2.2. Climate Change as a Global Externality 
This section discusses global warming. Greenhouse gas emissions are understood to cause global 
warming, imposing proportionally greater cost on those that consume least in being unaccounted for by 
those causing such emissions. This is a driver of inequality in global society at a cost to social well-
being. Within this section some of the most compelling evidence of the link between the emissions of 
greenhouse gases and global warming is discussed, as well as official intergovernmental long-term 
scenarios of plausible future climate change. A discussion of the social cost of this accounting 
externality is made. Further, national and international commitments to greenhouse gas emission 
abatement by developed nations within the Organisation for Economic Cooperation and Development 
(OECD) are reviewed. The extent of future climate change, its social impacts and society’s response to 
the scientific understanding of it are significant uncertainties in managing consumption. Its relevance 
to the performance of real estate remains an emerging understanding. 
 
The Scientific Evidence 
Tyndall is widely acknowledged as the first scientist to rigorously identify the absorption of radiant heat 
by gases and vapours. He devised a series of experiments using a ‘fine’ galvanometer produced in 
Berlin, shown in Figure 1. Using the apparatus in conjunction with a myriad of other equipment Tyndall 
found compelling evidence to support the view that chemical vapours had specific characteristics for 
absorbing radiant heat (Tyndall, 1861). 
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Figure 1: An Illustration of Tyndall's Apparatus (TYNDALL, J, 1861). 
Indeed, this theory has since become common knowledge and the effects that vapours have on radiant 
forcing in the atmosphere has now been carefully scrutinised. Harvey explains the importance of 
considering not only the degree of radiant forcing, but also the duration that gases remain in the 
atmosphere. He describes how such estimation can cause difficulties, as many vapours can remain in 
the Earth’s atmosphere for considerable time (Harvey, 1993). The current official perspective on this 
matter is presented in the recently published Intergovernmental Panel for Climate Change (IPCC) Fifth 
Assessment Report (Intergovernmental Panel on Climate Change, 2014). 
The British Antarctic Survey has studied ice cores and the air bubbles trapped within them from 
Antarctica and Greenland since the 1950’s. Such research seeks to understand historic temperature and 
concentrations of molecules in the Earth’s atmosphere. The studies provide convincing evidence of 
stable concentrations of Carbon Dioxide (CO2) since 1000AD until the onset of the industrial era in the 
early 19th century. Since then, concentrations have risen and are now approximately 40% higher than 
before to over 330ppm, as shown in Figure 2. Such high concentrations of CO2 in the atmosphere are 
thought to be unprecedented in the previous 800,000 years, as shown in Figure 3. Furthermore, levels 
of Methane (CH4) have more than doubled since the industrial era. Figure 4 provides evidence from 
studies of ice cores that there is a significant correlation between concentrations of CO2 in the Earth’s 
atmosphere and temperature change (British Antarctic Survey, 2010). 
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Figure 2: CO2 and CH4 Concentrations in the Earth's Atmosphere Over the last 1,000 years (MacFarling, et al., 
2006; Friedli, et al., 1986; Siegenthaler, et al., 2005). 
 
 
Figure 3: Ice Core Data from the EPICA Dome C (Antarctica) Ice Core Showing Concentrations of Deuterium (D) 
and CO2 from the Ice Core Air (Jouzel, et al., 2007; Luthi, et al., 2008). 
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Figure 4: Close-up of Deuterium, a Proxy of Atmospheric Temperature, and CO2 from the EPICA Dome C Ice Core 
and Warming Since the Last Glacial Period (Monnin, et al., 2001). 
The NASA Goddard Institute for Space Studies monitors global surface temperatures and found in 2011 
that the global average surface temperature continues a trend in which nine of the 10 warmest years in 
the modern meteorological record at that time had occurred since the year 2000. Figure 5 illustrates 
how the Earth continues to experience warmer temperatures than several decades ago. The average 
temperature around the globe in 2011 was 0.51oC warmer than the mid-20th century baseline (Cole & 
McCarthy, 2012). 
 
Figure 5: Measurements of Historic Global Temperature Difference (Cole & McCarthy, 2012). 
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Global Climate Change Scenarios 
In 1999 the IPCC developed six emission scenarios for the development of the Earth’s climate towards 
2100 known as the Special Report on Emissions Scenarios (SRES). These scenarios are summarised in 
Figure 6. The A1 scenario assumes a world of very rapid economic growth, a global population that 
peaks in mid-century and rapid introduction of new and more efficient technologies. The scenario is 
subdivided into three groups describing alternative technological change: A1FI, hydrocarbon intensive; 
A1T, non-hydrocarbon; A1B, a balance across all sources. The A2 scenario represents a very 
“heterogeneous world” where local communities are self-reliant resulting in a continued increase in 
population. Per capita economic growth and technological change is relatively slow and more 
fragmented compared to other scenarios. The B1 scenario represents a mid-century peak of population 
that declines thereafter, a rapid change in economic structures towards a service and information 
economy with reductions in material intensity, and the introduction of low carbon and resource efficient 
technologies. Scenario B2 describes a world with intermediate population and economic growth, 
emphasising local solutions to economic, social, and environmental sustainability (Intergovernmental 
Panel on Climate Change, 2000). 
 
Figure 6: SRES scenario matrix (Intergovernmental Panel on Climate Change, 2000). 
Plausible climate projections included in the Intergovernmental Panel for Climate Change Fourth 
Assessment Report were based upon the application of the SRES scenarios to simulation ensembles of 
integrated climate and socio-economics models. The analyses of as many as 23 different climate 
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models, sponsored by countries throughout the world, have been included in the report’s cross-model 
comparisons. The reports states “there is considerable confidence that climate models provide credible 
quantitative estimates of future climate change, particularly at continental scales and above”. The 
report provides a summary of projected global greenhouse gas emissions under these scenarios and 
corresponding resultant change in global surface temperature. The B1 scenario yielded a stabilisation 
in temperature change to a 2oC increase from 1990 levels, with the least severe warming influence of 
any SRES scenario. The A2 scenario was found to have the most devastating warming effects on the 
climate, resulting in temperatures rising to above 3oC by 2100 and probably continuing to rise further 
beyond (Intergovernmental Panel for Climate Change, 2007). 
Since the development of the SRES scenarios almost 15 years ago there has been opportunity to evaluate 
the observed progress of development and make comparisons to them. It has become apparent that 
between 1999 and 2003 global society has developed mostly in line with an A1B SRES scenario, with 
all others now considered outliers (Greenstone, et al., 2011). In light of this it has become clear that 
although the SRES scenarios benefit from detailed scrutiny they are now largely obsolete and have lost 
decision-making utility. 
New climate change scenarios have been developed for the IPCC Fifth Assessment Report which adopts 
an alternative and updated methodology superseding SRES. The SRES approach to scenario building 
explored the influence of pivotal uncertainties in socio-economic development on future climate 
change. In contrast to this the new scenarios make projections of Representative Concentration 
Pathways (RCP’s) relating to various levels of combined mitigation and adaptation efforts resulting in 
alternative concentrations of greenhouse gases in the atmosphere. This means that the new scenarios 
are likely to retain consistency with a wide range of socio-economic futures. The fifth assessment report 
provides four RCP’s denoted by the level of radiative forcing in the year 2100: 2.6Wm-2; 4.5Wm-2; 
6Wm-2; and 8.5Wm-2. Each scenario is considered plausible and illustrative, with no specific probability 
assigned to the likelihood of occurrence (Intergovernmental Panel on Climate Change, 2014). 
A comparison of radiative forcing between the SRES and RCP scenarios is shown in Figure 7. Note, 
towards 2050 the RCP scenario describing most severe future warming is most similar to the trajectory 
of the SRES A1B scenario. However, this is not the case beyond the year 2050. The 5th Assessment 
Report states how it is unlikely that mean average global surface temperature will rise more than 1.5oC 
between the present day and 2035 due to high levels of inertia in the atmospheric system. However, 
beyond 2035 there is the potential for large variation in the future climate depending on future 
concentrations of greenhouse gases in the atmosphere. Therefore, immediate action to address climate 
change would have long lasting effects (Intergovernmental Panel on Climate Change, 2014). 
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Figure 7: A comparison of radiative forcing in SRES and RCP scenarios between 2000 and 2300 (Intergovernmental 
Panel on Climate Change, 2014). 
 
The Social Cost of Carbon 
Anthropogenic greenhouse gas emissions are considered a principal cause of climate change. However, 
such emissions have commonly been an unmanaged accounting externality of development for over a 
century. Stern asserts that climate change is “the greatest and widest-ranging market failure ever seen” 
requiring action that is “global… long term… (and) ha(s)... the economics of risk and uncertainty at 
centre stage” (Stern, 2006). However, leading economists realise that Stern has arrived at the right 
conclusions from perhaps a significantly outlying economic position (Arrow, 2007; Dasgupta, 2007). 
Economic analysis of government policy requires two considerations: identification of the mechanisms 
that determine the state of the world and charting of consequences under alternative policies; and the 
valuation of those consequences so as to judge the relative desirability of options. Often both of these 
exercises are subject to dispute (Dasgupta, 2007). 
Stern and Nordhaus have made two prominent contributions towards strategies for addressing climate 
change. Their work uses different models to understand the effects of climate change on global 
productivity. They have used the Policy Analysis of the Greenhouse Effect (PAGE) and Dynamic 
Integrated Climate Change Model (DICE) models respectively. Although there is likely to be some 
difference between the underlying mechanisms of each model, the major difference between these two 
contributions is in stipulating an appropriate social discount rate for the wellbeing of future generations 
(Dasgupta, 2007). 
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Stern asserts that the use of a social discount rate in making long-term decisions is only appropriate in 
considering the exogenous possibility of extinction (Stern, 2006). However, Nordhaus rejects such a 
position stating that in any decision process governments or business will consider the costs and benefits 
of actions relative to those of other investments. Therefore, the use of real discount rates is most 
appropriate (Nordhaus, 2007). Nordhaus uses a time or risk of extinction rate (𝛿) between 2-4% 
compared with 0.1% by Stern. Both studies set price elasticity (𝜂) at 0%. Dasgupta comments that, 
whilst Sterns rate of 𝛿 may be valid, both positions are indifferent to interpersonal equity which is 
ethically questionable. He suggests a rate of between 2-4% would lead to more ethically satisfactory 
distribution of wealth (Dasgupta, 2007).  
In 2008 a study by Tol reviewed 211 estimates for the current social cost of carbon, including those by 
Nordhaus and Stern previously discussed. Such research provides an interesting perspective of how the 
estimates developed by Stern and Nordhaus fit into the wider scientific debate. Figure 8 shows a series 
of probability distributions for estimates of the social cost of carbon within the literature reviewed by 
Tol. It demonstrates how studies that use a higher social discount rate generally yield a lower social 
cost of carbon. It also shows how estimates of the social cost of carbon within Tol’s review generally 
provide a positively skewed distribution. Tol found Stern’s contribution to be a significant outlier in the 
overall distribution of 211 estimates (Tol, 2008). 
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Figure 8: Probability density functions of the social cost of carbon from Tol’s review of economic literature: top left 
shows alternative distributional assumptions; top right shows a sample split according to social rate of time 
preference; bottom right shows a sample spilt between age of study; bottom left shows a sample split according to 
review / $kgCeq-1 (Tol, 2008). 
 
The Political Response 
Faced with the reality of climate change, a number of governments throughout the world have made 
commitments to target future greenhouse gas emission mitigation, these are summarised in Table 1. 
With an absence of an international agreement among members of the United Nations, many 
governments have acted unilaterally. However, agreement at a supra-national level has been made 
within the European Union (EU) for legally binding emission targets. Comparing the commitments 
made by governments within the OECD it is apparent that the governments of the United Kingdom and 
Norway have taken significant leadership in setting emission reduction targets of over 80% by 2050. 
Norway has set the most ambitious mitigation target of 100% of domestic emissions by 2050. The 
United Kingdom is a significantly larger country in terms of gross domestic product of the two nations, 
being a member of the influential G8 (The World Bank Group, 2013). 
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Table 1: Headline commitments of OECD countries to climate change mitigation as of November 2014. 
Government Policy Greenhouse Gas Emission Target 
EU EU Climate and Energy Package (The European 
Parliament and the Council of the European 
Union, 2009). 
Energy Roadmap 2050 (European Commission, 
2011) 
-34% from 1990 levels by 2020 relative to 
1990. 
-80% to -95% levels by 2050 relative to 1990. 
Australia Securing a Clean Energy Future (Australian 
Government, 2011). 
-5% from 2000 levels by 2020. 
-15% to -25% by 2020 from 2000 levels 
depending on the scale of global action. 
Austria EU’s Climate Change and Energy Package (The 
European Parliament and the Council of the 
European Union, 2009). 
-16% from 2005 levels by 2020. 
Belgium EU’s Climate Change and Energy Package (The 
European Parliament and the Council of the 
European Union, 2009). 
-15% from 2005 levels by 2020. 
Canada Canada’s Action on Climate Change (Government 
of Canada, 2013). 
-17% from 2005 levels by 2020. 
Chile  None. 
Czech Republic EU’s Climate Change and Energy Package (The 
European Parliament and the Council of the 
European Union, 2009). 
+9% from 2005 levels by 2020. 
Denmark The Danish Energy Agreement (Ministry of 
Climate, Energy and Building, 2012) 
-34% from 1990 levels by 2020. 
Estonia EU’s Climate Change and Energy Package (The 
European Parliament and the Council of the 
European Union, 2009). 
+11% from 2005 levels by 2020. 
Finland EU’s Climate Change and Energy Package (The 
European Parliament and the Council of the 
European Union, 2009) 
-16% from 2005 levels by 2020. 
France EU’s Climate Change and Energy Package (The 
European Parliament and the Council of the 
European Union, 2009). 
-14% from 2005 levels by 2020. 
Germany The German Governments Long-Term Strategy 
for Energy Supply (German Government, 2010) 
-40% from 2005 levels by 2020. 
Greece EU’s Climate Change and Energy Package (The 
European Parliament and the Council of the 
European Union, 2009). 
-4% from 2005 levels by 2020. 
Iceland  None. 
Ireland EU’s Climate Change and Energy Package (The 
European Parliament and the Council of the 
European Union, 2009). 
-20% from 2005 levels by 2020. 
Israel  None. 
Italy EU’s Climate Change and Energy Package (The 
European Parliament and the Council of the 
European Union, 2009). 
-13% from 2005 levels by 2020. 
Japan  None. 
Korea  None. 
Luxembourg EU’s Climate Change and Energy Package (The 
European Parliament and the Council of the 
European Union, 2009). 
-20% from 2005 levels by 2020. 
Mexico (Chamber of Deputies, 2013) -30% from 2005 levels by 2020. 
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Government Policy Greenhouse Gas Emission Target 
Netherlands EU’s Climate Change and Energy Package (The 
European Parliament and the Council of the 
European Union, 2009). 
-16% from 2005 levels by 2020. 
New Zealand (International Energy Agency, 2014) -5% from 1990 levels by 2020 
Norway Agreement on Climate Policy (Stortinget, 2012) -100% from 1990 levels by 2050. 
-100% from 1990 levels by 2030 if an 
ambitious international agreement is reached. 
Poland EU’s Climate Change and Energy Package (The 
European Parliament and the Council of the 
European Union, 2009). 
+14% from 2005 levels by 2020. 
Portugal EU’s Climate Change and Energy Package (The 
European Parliament and the Council of the 
European Union, 2009). 
+1% from 2005 levels by 2020. 
Slovak Republic EU’s Climate Change and Energy Package (The 
European Parliament and the Council of the 
European Union, 2009). 
+13% from 2005 levels by 2020. 
Slovenia EU’s Climate Change and Energy Package (The 
European Parliament and the Council of the 
European Union, 2009). 
+4% from 2005 levels by 2020. 
Spain EU’s Climate Change and Energy Package (The 
European Parliament and the Council of the 
European Union, 2009). 
-10% from 2005 levels by 2020. 
Sweden (Regeringskansliet, 2009) -40% from 2005 levels by 2020. 
Switzerland  None. 
Turkey National Climate Change Strategy 2010-2020 
(Ministry of Environment and Forestry, 2010) 
-7% in emissions in electricity generation from 
reference scenario by 2020. 
UK Climate Change Act (UK Parliament, 2008); The 
Climate Change Act 2008, Order 2009 (UK 
Parliament, 2009) 
-34% than in 1990 by 2020. 
-80% than in 1990 by 2050. 
USA The President’s Climate Action Plan (Executive 
Office of the President, 2013) 
-17% than in 2005 by 2020. 
 
1.2.3. Economic Activity and Energy Consumption 
The International Energy Agency (IEA) has published annual statistics on energy use across the world 
since 1971. They assert that global energy consumption has almost doubled since the IEA began such 
publication from approximately 4500Mtoe to 8500Mtoe and is maintaining this trend (IEA, 2010). 
Cullen and Allwood mapped global energy flows in order to assess where to best focus efforts to 
mitigate climate change impacts. The results of the study are presented in a Sankey diagram shown in 
Figure 9 which demonstrates deeply embedded associations between production and the emissions of 
greenhouse gases. The diagram shows that 11353Mtoe (475EJ) of energy is consumed by end users 
globally. Of this total 5139Mtoe (215EJ, 45%) of energy consumption can be associated closely with 
construction or occupation of the built environment. 2151Mtoe (90EJ, 19%) of energy is consumed to 
provide thermal comfort, the most significant single end-use of energy throughout all sectors. The paper 
admits that this analysis is at best a good estimate and appears in close agreement with the findings of 
the IEA (Cullen & Allwood, 2010). One third of the world’s primary energy consumption is converted 
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into useful energy (Limaye, et al., 2008). Therefore, the built environment represents a highly 
significant prospect for influencing the quantity and type of energy sources demanded, where 
improvements may have a substantial overall impact on the system. 
 
Figure 9: The global flow of energy, from source to end use (Cullen & Allwood, 2010). 
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2. Research Strategy 
2.1. Introduction 
Within this section the purpose of the research is defined in Section 2.2, along with a discussion of the 
research paradigm in which it is grounded in Section 2.3. A definition of terms is made in Section 2.4. 
The research question and study aims are stated in Section 2.5, along with a brief justification. The 
context and constraints of this research are explained in Section 2.6. Further, the broad research strategy 
is outlined in Section 2.7 to provide an overview of the methods selected as well as the overall structure 
of the project. A more detailed discussion of the particular methods employed to address each aim can 
be found within the chapters where a particular study is discussed. 
 
2.2. Purpose Statement 
This research seeks to explore the relationship between building energy performance and financial 
value. The context of the United Kingdom was selected as a leading case, being a significantly large 
economy to enact legislation that commits the government to delivering ambitious emission reductions 
to mitigate climate change impacts. Taking a constructivist-pragmatist approach, this research 
triangulates the contribution of building energy performance to financial value. 
 
2.3. Research Paradigm 
Across and within disciplines there is a variety of views as to what research is and how this relates to 
the knowledge that research develops. Therefore, this section gives a brief explanation of the ontological 
and epistemological perspectives of this research so that one can better understand the quality and 
validity of the research outcomes. 
This research takes a structural realist position towards scientific theory in acknowledging that some 
scientific hypotheses are such that they cannot confront direct empirical observation. Therefore, if 
theoretical hypotheses require other interpretive statements in order to confront experience, observation 
is not decisive by itself (Ariew, 2010). It is in close agreement with Duhem’s ontological understanding 
of nature, in that important features of the analyses contained within this research are based upon 
energetics rather than quantum mechanics. Duhem upheld the importance of regarding a physical theory 
as independent of any meta-physical explanation (Maddy, 1996). 
This study acknowledges that the descriptions and interpretations of evidence within this study are not 
absolute, generalisable truths. Instead they contain internally consistent, useful, and plausible 
information reflecting the observations and perspectives of the research context. It should be evident 
that a fundamental principle of this research is that it champions well-defined ethical goals that are 
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unlikely to be shared by a large portion of global society. Such an epistemological position is consistent 
with a critical-constructivist approach to learning. 
Constructivists consider knowledge of the natural world to be socially constructed. Knowledge is learnt 
by historical and social actors within a spatial and temporal setting which shape nature. Actors are 
adapted to their cultural situation within which they develop constructs and hence are not able to assert 
a neutral perspective. A key aspect of education is to learn and understand such social constructs. The 
development of knowledge is as much concerned with the processes through which information 
becomes validated as committing it to memory. Critical constructivists seek to maximise rather than 
simplify variables to provide a more detailed and complex understanding of the research context 
(Kincheloe, 2008). 
The development of acceptable scientific knowledge may follow either inductive or deductive 
processes. Deductive processes require a development of theory through literature review or experience 
and a testing of hypotheses through analysis of empirical data collected. Inductive approaches involve 
the development of themes, patterns and categories to develop theory based upon research findings. 
Pragmatic researchers may use both types of logic by establishing inductive patterns before testing 
theories using subsequent deductive analysis (Bryman, 2001; Creswell, 2003). 
Quantitative approaches focus on theory testing and often involve patterns of analysis across a large 
number of cases. Although they may validate powerful perspectives, a weakness of such methods is 
that they often externalise critical features of social phenomena. Qualitative approaches emerged in 
response to the limitations of quantitative studies, particularly the limitations of linear models. 
Qualitative approaches assume realities related to subjective experience and focus on explaining 
decision making using relatively small samples to make propositions. Such studies often comprise 
detailed descriptions of phenomena to illuminate in-depth pictures of contextual practice. This approach 
is often criticised for being subjective, as well as for disputed precision, rigour and credibility. An 
emerging ‘mixed-methods’ position acknowledges that neither school is entirely valid nor without use, 
citing relative strengths and weaknesses in both (Bryman, 2001; Creswell, 2003). 
The acknowledgement that ecological and cultural systems are contextual undermines the positivist 
notion of an absolute perspective and is thus seen as a compelling justification of methodological 
pragmatism. The challenge science faces is that modern society is predisposed to recognising science 
presented from a positivist position. Therefore, methodological pluralism can remain convincing whilst 
qualifying assertions through awareness of their contextualised nature. Such methods could help sustain 
biological and cultural diversity, as well as participation and decentralisation (Noorgard, 1989). Further, 
pragmatic research methods can be used as a way for researchers to resolve incompatibility between 
polarised research strategies using a method that is essentially problem driven, being flexible and 
adaptable in selecting methods that aid best in finding solutions (Johnson & Onwuegbuzie, 2004). 
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This research adopts a pragmatic mixed-methods research approach. It is consistent with structural 
realist instrumentalism and the epistemology of critical constructivism. It is recognised that deductive 
scientific methods, including quantitative techniques, are a useful means of analysing and interpreting 
the laws of nature. However, when studying the social world there is a need to adapt one’s research 
methods in recognition that social structures are highly contextual and in a greater state of flux. In such 
situations methods that explore situations holistically, are dynamic and flexible in the context of future 
events are considered appropriate. 
 
2.4. Definition of Terms 
This section defines some key terms used within this dissertation from the Oxford English Dictionary, 
explicitly explaining what is meant in their use. 
 
‘Uncertainty’ 
Within this dissertation the noun “uncertainty” is understood as defined below (Oxford University 
Press, 2014): “2.a. The state of not being definitely known or perfectly clear; doubtfulness or 
vagueness.” 
 
‘Performance’ 
Within this dissertation the noun “performance” is understood as defined below (Oxford University 
Press, 2014): “b. The quality of execution of such an action, operation, or process; the competence or 
effectiveness of a person or thing in performing an action; spec. the capabilities, productivity, or 
success of a machine, product, or person when measured against a standard.” 
 
‘Explorative/Exploration’ 
Within this dissertation the adjective “explorative” is understood as defined below (Oxford University 
Press, 2014): “Concerned with, or having the object of, exploration or investigation; inclined to make 
explorations.” 
 
Where “exploration” may be defined using both of the following nouns, in that domains are investigated 
and scrutinised within the explorations discussed in this dissertation (Oxford University Press, 2014): 
“1.a. The action of examining; investigation, scrutiny. Obs.”; “2. The action of exploring (a country, 
district, place, etc.); an instance of this. Also transf.” 
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‘Plausible’ 
Within this dissertation the word “plausible” is defined as an adjective describing the following (Oxford 
University Press, 2014): “1.a. Acceptable, agreeable, pleasing, gratifying; winning public approval, 
popular. Obs.” 
 
‘Consistent’ 
Within this dissertation the word “consistent” may be defined as a noun describing the following 
(Oxford University Press, 2014): “6. Agreeing or according in substance or form; congruous, 
compatible.”; “d. spec. in Math. An Logic, (a)(of simultaneous equations) satisfied by at least one 
common set of values of the variables; (b)(of a statistical estimate, etc.) approaching the true value of 
a parameter more closely as the sample size is increased; (c)(of an axiom system) so constituted that 
axiomatically-derived propositions do not contradict each other.” 
 
‘Right’ 
Within this dissertation the noun “right” is understood as defined below (Oxford University Press, 
2014): “9.d. With to-infinitive. A legal, equitable, or moral entitlement to do something. Chiefly in to 
have a (also no) right to (do something).” 
 
‘Energy Performance’ 
Within this dissertation the noun “energy performance” is understood as the productivity of a product’s 
energy consumption when measured against a standard. There are various measurement standards in 
common use which for an interesting field of investigation. Four measurement standards discussed in 
this dissertation include: 
 Energy performance (financial), the monetary return on investment of energy consumption.  
 Energy performance (emissions), the rate of greenhouse gas emissions. 
 Energy performance (compliance), energy performance as stipulated by a regulatory authority. 
 Energy performance (energy), the rate of energy consumption. 
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‘Excess Return’ 
Within this dissertation the noun “excess return” is understood as defined below (Investopedia, 2015): 
“Investment returns from a security or portfolio that exceed a benchmark or index with a similar 
level of risk.” 
 
2.5. Research Question and Study Aims 
The quality of a facility is dependent on the performance of utility infrastructure and local weather 
conditions, its social context and design. Improvements in facility quality, including energy 
performance (financial), effectively reduce the marginal costs of consumption for occupiers and 
increases asset values. Therefore, the ability to identify opportunities for creating such value through 
appropriately evaluating expectations of future energy performance has great relevance to the work of 
property investors and asset managers. 
Research Question: How can market risks arising from expectations for the energy performance of 
real estate be appropriately evaluated? 
There is consistent historical evidence of investments in energy efficiency providing very high rates of 
return compared with the economy-wide average cost of capital. This has led researchers to examine 
market failures in the adoption of energy efficiency measures. Gathering the necessary information to 
appropriately appraise energy performance (financial) during contracting processes is challenging. In 
order to address this many governments have introduced energy performance labelling and certification, 
which provide a signal to buyers to assist with appraising the quality of property. With such policy 
intervention there is clearly need to evaluate how useful they are at overcoming barriers to energy 
efficiency within the sector. 
Aim 1: Validate that Energy Performance Certificates are an appropriate signal of facility energy 
performance (financial). 
The valuation of risky assets requires the decision maker to evaluate plausible income over the duration 
of the investments life-cycle. Investments in property are a particularly challenging case where the 
underlying assets are in general relatively illiquid, expensive, and commonly of unique quality. 
Therefore, a credible and challenging expectation of plausible future consumption is a key consideration 
in evaluating long-term strategy. This research recognised that over the longer-term, the management 
of energy in the UK could be very different from anything that might be expected from current short-
term trends and incremental change. Responses based upon such information could result in an over-
investment in technologies that may become redundant or inappropriate over the course of time. Hence, 
there is a need to consider responses to energy challenges that are resilient to a range of different 
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outcomes. A 40-year view allows for a reasonable period of opportunity for significant system-wide 
change and allows for the possibility of system-wide decarbonisation. 
Aim 2: Explore plausible descriptions of systems supporting building energy performance in the UK 
towards 2050 for the UK. 
To make the research outcomes most useful the study takes a particular interest in the implications of 
the scenarios developed in addressing Aim 2 to the financial value of commercial offices. This is 
because they are relatively expensive buildings providing services to high value industries. Such assets 
may be exposed to high rates of obsolescence in competitive markets. 
Aim 3: Evaluate the energy performance of commercial property assets using statutory and best practice 
methodologies towards 2050. 
Figure 10 is a research logic tree diagram that show how the research question and subsequent queries 
lead to the study aims, objectives and research hypotheses. Further discussion to justify the research 
hypotheses may be found within the following chapters. 
 
Figure 10: Research logic tree, showing hypotheses development. 
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2.6. Context and Constraints 
The context of the United Kingdom was selected as a leading case, being a significantly large economy 
to enact legislation that commits the government to delivering ambitious emission reductions to mitigate 
climate change impacts. Although it is the intent that the financial instruments developed through this 
research may be applicable to any building type, this research focuses specifically on demonstrating the 
evaluation of commercial offices. This is because the commercial office sector of the property market 
consists of particularly high value, heterogeneous, and complex assets. It is challenging to adequately 
understand such assets during contracting processes which potentially incur significant transaction 
costs. Even so, the instruments adopted are intended to be scalable and applicable to all real estate. This 
dissertation evaluates expectations towards 2050. The 40-year outlook allows for a reasonable period 
of opportunity for significant system-wide change and allows for the possibility of system 
decarbonisation. 
 
2.7. Research Strategy 
The research follows a pragmatic mixed-methods research strategy and is illustrated in Figure 11. It is 
largely steered by a deductive method of reasoning but is also highly dependent on the collection of 
qualitative information, particularly in developing the particular instruments adopted and when 
collecting primary data from real life buildings for which typological cases were informed. The research 
project is initiated with a literature review in which best practice instruments and methodologies for 
deductively evaluating the energy performance of buildings are explored. This is followed by a study 
that evaluates perceptions of Energy Performance Certificates through a widespread analytical survey. 
Further, plausible quantitative descriptions of expectations for supporting energy systems and climate 
are developed through a study that develops an explorative framework of critical driving forces and 
constructs scenario descriptions through application to climate models and energy system accounting 
frameworks. Finally, a study is described which applies the understanding developed through literature 
review and the futures study to a diverse set of typological cases in order to test a set of hypotheses. 
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Figure 11: Overview of research strategy1. 
                                                     
1 Qual. = Qualitative; Quant. = Quantitative 
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3. Literature Review 
3.1. Introduction 
This literature review is intended to define and discuss alternative methods for assessing the energy 
performance of commercial property. In Section 3.2 it explores studies of the future, describing 
alternative methodologies as well as recently published UK energy and climate scenarios. Methods for 
assessing facility energy performance are discussed in Section 3.3, as well as recent efforts to simulate 
plausible building service performance over relatively long time-periods. The political context affecting 
the energy performance of the built environment is described in Section 3.4, with a particular focus on 
methods for developing signals of service quality by regulators. Further, a review of appropriate 
valuation of commercial property under uncertainty is made in Section 3.5. Within Section 3.5 typical 
leasing arrangements, common processes of capital budgeting and suitable methods for addressing risk 
are discussed. 
 
3.2. Futures Studies 
This section describes some of the more common methodologies that are employed in practice and in 
research, and summarises the potential of each in strategic planning. Further, recent futures studies for 
the UK energy system and local climate towards 2050 are reviewed. 
 
3.2.1. Probabilistic Forecasts 
It is commonplace to evaluate the performance of potential investment decisions in real estate by 
employing probabilistic forecasts of events occurring based upon signals derived from scrutiny of a 
single benchmark index. Such studies tend to use extrapolations of historic trends (Börjesona, et al., 
2008; Lindgren & Bandhold, 2003). Under relatively stable conditions and short timescales forecasts 
may be reliable. Therefore, they can be potentially very useful as an aid to planning and decision-
making (Börjesona, et al., 2008; Lindgren & Bandhold, 2003; Wilkinson, 2009). In the short to mid-
term, system inertia may ensure that trends turn out as expected (International Energy Agency, 2003). 
Börjesona et al. conclude that such forecasts can be useful because they (Börjesona, et al., 2008): 
 Make it possible to plan and adapt to situations that are expected to occur;  
 Equip planners to deal with foreseeable challenges and take advantage of foreseeable opportunities; 
 Make decision-makers aware of problems that are likely to arise under certain conditions. 
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3.2.2. Normative Scenarios 
An optimistic view is that individuals, businesses and/or societies have the capacity to shape their own 
future. That, once they have a vision of what they would like the future to be, the task is to see what it 
would take to achieve it (Foresight, 2008; Lindgren & Bandhold, 2003). These normative scenarios are 
inherently policy oriented and designed to identify the policy actions required (International Energy 
Agency, 2003). This position features an underlying assumption that there is indeed one best solution. 
The job of the strategist becomes one of producing that one best solution, or the closest possible thing 
to it (Chermack & Swanson, 2008). Normative scenarios may be used for (Börjesona, et al., 2008): 
 Optimisation - When the desirable future is not radically different from the present they can be 
used to determine how the prevailing system needs to be refined.  
 Transformation - If the prevailing system is (considered to be) fundamentally flawed and part of 
the problem they can be used to determine the radical changes that are required. 
 
3.2.3. Explorative Scenarios 
Explorative scenario planning is an established approach to decision making in an uncertain 
environment. It is considered a reasonable method of evaluating real options requiring a long-term 
perspective (Chermack & Swanson, 2008; Swanson, 2008; Cornelius, et al., 2005). Modern methods of 
scenario planning emerged from the USA and France in the 1960’s, in which three distinct ‘schools’ 
developed (Bradfield, et al., 2005): 
 ‘Intuitive Logics’: Notably adopted with some success by Shell and General Electric. 
 ‘Probabilistic Modified Trend Models’: Of which: Trend Impact Analysis involves defining 
expert views on the probability of extrapolated historic trends being modified and adjusted; Cross 
Impact Analysis is another variant which adds extra complexity by attempting to evaluate event 
inter-dependencies. 
 ‘La Prospective’: Initially set up to develop normative scenarios of the future orientated towards 
policy makers. This school influenced a number of national French economic plans. The work of 
‘La Prospective’ was subsequently developed further by Godet based largely upon computer-based 
probabilistic models which analysed entire scenario morphologies, each with a defined probability. 
Explorative scenarios, in contrast to forecasting and normative scenarios, are intended neither to 
determine a correct future or for probabilistic prediction. They are underpinned by the perspective that 
the future is unpredictable, since it contains irreducible uncertainty. Such studies evaluate a broad range 
of plausible outcomes. Bell asserts that the foundations of explorative scenarios lie in the belief that a 
proposition is reasonable even if it cannot be entirely justified. The aim is to develop plausible 
descriptions of the environment rather than focusing on absolute certainty. By creating plausible 
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scenarios the future becomes real, strengthening the basis for decision making and influencing choice 
and/or behaviour (Bell, 2003). 
Chermack and Swanson assert that scenario planning should be the primary strategic learning tool in 
organisational development, to build organisational capacity amongst key personnel for coping with the 
dynamics of future possibilities. Such work could be considered particularly important when faced with 
problems requiring a longer-term view, during which time one might expect system discontinuity. In 
such a context explorative scenarios can be used to re-orientate an organisation so that it is better 
prepared for such events (Chermack & Swanson, 2008; Swanson, 2008). 
Explorative scenarios can be used to challenge a number of biases in organisational behaviour 
(Bradfield, 2008). Kahneman and Tversky established that individuals are intuitively drawn to evaluate 
the probability of an event occurring by the degree to which it is similar to the properties of its parent 
population and how it reflects the features of the process by which it was generated. Reliance on this 
heuristic leads to a logic that can defy objective probability. Their research also demonstrated that 
individuals intuitively judge probabilities based upon the ease to which they remember or imagine 
similar instances (Kahneman & Tversky, 1972; Kahneman & Tversky, 1973; Kahneman & Tversky, 
1982a; Kahneman & Tversky, 1982b). This means descriptions that are salient, recent, and familiar are 
more readily evaluated (Anderson, 1983; Bower, et al., 1979; Chapman & Chapman, 1969; 
Montgomery & Weinberg, 1973; Nisbett & Ross, 1980). Anchoring is also a highly relevant heuristic 
to scenario planning, where an individual explicitly or implicitly takes an initial position and, thus, 
inadequately deviates from it on evaluation (Kahneman & Tversky, 1982a). Other relevant behavioural 
barriers that may be addressed by scenario planning include: belief perseverance, where individuals 
have a tendency to adhere to their initial attitudes and values (Bradfield, 2008); confirmation bias, where 
initial beliefs structure the interpretation of subsequent evidence (Pruitt, 1961; Watson, 1960); 
experience bias, where individuals have a propensity to focus on information where they already have 
an understanding (Tversky & Kahneman, 1981); and overconfidence, where individuals are 
systematically overconfident in their ability to predict future events (Lichtenstein, et al., 1982; 
Schwenk, 1986; Slovic & Lichtenstein, 1977). 
Of fundamental importance in the development of explorative scenarios is they are either appreciated 
for being interesting or are useful upon application. Wilson developed five underpinning criteria to 
evaluate this (Wilson, 1998): 
 Plausibility: The selected scenario must fall within the limits of what might conceivably happen. 
Plausible scenarios should be possible, credible, and relevant. 
 Differentiation: Each scenario constructed should be sufficiently different for it not to be construed 
as variations of a base case. 
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 Consistency: The logical reasoning contained in a scenario must not have any in-built 
inconsistency that would undermine its credibility. 
 Decision-making utility: Each scenario should contribute sufficient insights into the future to bear 
on the decision focus selected. 
 Challenge: The scenarios should challenge the organization’s conventional wisdom about the 
future. 
Even today there is sufficient variety in the methods of scenario planning to allow for significant 
freedom in the techniques used (Chermack, et al., 2001; Bradfield, et al., 2005). Table 2 provides a 
summary of the range of research designs that may be employed. 
Table 2: Methodological variants of explorative scenarios (PARKINSON, A T et al., 2012). 
External: Respond to the question: What can 
happen to the development of external factors? 
Strategic: Respond to the question: What can 
happen if we act in a certain way? 
(Börjesona, et 
al., 2008) 
Deductive: Pick out two critical uncertainties and 
describe the extremes of each on a matrix, then 
develop storylines for paths into each quadrant of 
the matrix and descriptions of how the world could 
shift from one quadrant to another. 
Inductive: A number of different chains of events 
and construct a plausible storyline for each chain.  
From this, descriptions of how they came about can 
be induced. 
(Shell, 2008a; 
Davis, 2002) 
  
 
Qualitative: Pure narratives describing how the 
future might unfold or the relationships internal to 
the system analysed, without the help of figures. 
Quantitative: Give a numerical illustration of the 
evolution of key variables or indicators. They are 
often represented through the use of a model, but 
may be also illustrated through simpler tools. 
(International 
Energy 
Agency, 2003) 
 
3.2.4. UK Climate Projections Towards 2050 
The UK Climate Projections (UKCP) provides authoritative climate information designed to assist 
national adaptation plans for a changing climate. UKCP09 is the fifth generation of climate change 
information for the UK and uses an updated methodology designed by the Met Office based upon large 
climate model ensembles. They provide a continuous daily time series from 1950-2099 for a 25km grid 
across the UK that is spatially coherent over land and sea (Murphy, et al., 2009). The resulting 
projections describe probabilistic distributions showing the range of uncertainty in three IPCC SRES 
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emission scenarios: high, SRES A1FI; medium, SRES A1B; and low, SRES B1 (Intergovernmental 
Panel on Climate Change, 2000). 
Eames et al. describe how future probabilistic design weather years can be created from the UKCP09 
data for use in building simulation. The document explains that the standard CIBSE weather years 
include: Test Reference Years (TRY) for energy performance analysis; and Design Summer Years 
(DSY) for overheating analysis. The UKCP09 weather generator produces 100 sets of daily time-series 
data at 20 year intervals. The TRY weather file can be derived from the stationary climate change signal 
on which the stochastic UKCP09 weather data is produced. This signal is selected randomly from a 
probability density function of future climates. Since the hourly time series is based upon the daily 
values, it is the daily values that are used as reference data for the future weather years. The TRY 
weather file represents the most average 12 months within each set of 20 years. The corresponding DSY 
weather file is derived from the mean average temperatures from April to September inclusive. The 
fourth warmest year during this period within the 20 year interval is selected as a basis for the weather 
file (Eames, et al., 2010). 
 
3.2.5. Recent Scenarios for the UK Energy System Towards 2050 
Table 3 provides a summary of a number of significant projects that have been recently undertaken to 
support decision making specifically for the UK energy system towards 2050. This table shows 
significant interest in the field. However, there is relatively little development of truly explorative, back-
cast, quantitative scenarios for the whole energy system towards 2050 to date. Most of the recent 
quantitative futures studies have taken a somewhat normative approach. A recent review of international 
low-carbon scenarios by Hughes and Strachan confirms the preponderance of a normative mind-set 
amongst researchers in the field which may not strictly be relevant to actors in society who do not feel 
that they can control largely external events (Hughes & Strachan, 2010). There are also examples of 
other scenarios for ‘socio-technical regimes’ rather than the ‘socio-technical landscape’ such as those 
by Eames et al. that explored urban retrofit and transition at the city scale (Eames, et al., 2013).   
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Table 3: Summary of selected recent futures studies focussing solely on expectations for the UK energy system 
towards 2050. 
Authors Project Methodology 
(Foxon, 2013) Transition Pathways for a Low 
Carbon Electricity Future 
Normative, quantitative scenarios with 
5-yr time series towards 2050. 
(National Grid, 2012) UK Future Energy Scenarios – UK 
Gas and Electricity Transmission 
Explorative, quantitative scenarios 
with 5-yr time series towards 2050. 
(Skea, et al., 2010) UKERC Energy 2050: Making the 
Transition to a Secure and Low-
Carbon Energy System 
Normative, quantitative cost-
optimised scenarios with back-casting. 
(Government Office for Science, 
2008) 
Foresight, Powering our Lives: 
Sustainable Energy Management and 
the Built Environment. 
Explorative, qualitative scenarios. 
(Lane, et al., 2005) 40% House, Background Material B: 
Foresight Scenarios for the UK 
Domestic Sector 
Explorative, quantitative, back-cast 
scenarios. 
(Institution of Mechanical Engineers, 
2009) 
UK 2050 Energy Plan: Making Our 
Commitment a Reality 
Normative, quantitative scenario with 
back-casting. 
(Committee on Climate Change, 
2008) 
Building a low-carbon economy – the 
UK’s contribution to tackling climate 
change 
Normative, cost optimised 
quantitative scenarios with back-
casting. 
(Mackay, 2008) Sustainable Energy – Without the Hot 
Air 
Normative, quantitative scenarios 
matching supply and demand with 
back-casting 
(Department of Energy and Climate 
Change, 2011) 
The Carbon Plan: Delivering our Low 
Carbon Future 
Normative, quantitative scenarios with 
back-casting. 
(Ault, et al., 2008) Long-Term Energy Network 
Scenarios for Great Britain in 2050 
Explorative, quantitative scenarios 
with 2000, 2025 and 2050 time-series. 
(Parkinson, et al., 2012) Exploring Scenarios for the Future of 
Energy Management in Property 
Explorative, qualitative scenario end-
states in 2050. 
 
3.3. Assessing Facility Energy Performance 
The post-occupancy evaluation of facilities is an ever evolving methodological field. This section 
discusses a number of approaches which may be taken to evaluate the energy performance of facilities. 
This includes surveys of occupant perception, energy performance benchmarking and an emerging use 
of building simulation to understand plausible service performance. 
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3.3.1. Measuring Expressions of Satisfaction 
There is an understanding that occupants are the true end-users of buildings, and therefore should be 
treated as customers by those that provide the facilities they occupy (Szigeti, et al., 1997). 
An influential conceptual model of service quality has been developed by Parasuraman et al. through 
an exploratory study involving in-depth interviews and a set of consumer focus groups. The conceptual 
model developed a theory that perceived service quality can be determined through a function of two 
measures: customer expectations of a service; and customer perceived service performance 
(Parasuraman, et al., 1985). This research formed the basis of the SERVQUAL item scale, introduced 
by Parasuraman et al. to measure service quality, for which 200 responses were gathered. The internal 
consistency of the scale was measured using Cronbach’s Alpha and ranged from 072-0.87 across 5 
dimensions, with an overall reliability of 0.87-0.9. Cronbach’s Alpha coefficients have a scale between 
0 and 1, higher scores indicating greater reliability. Each dimension had low inter-correlations 
(Parasuraman, et al., 1988). 
A study by Pinder took a SERVQUAL approach, measuring service quality in the workplace by 
weighting a social construct measuring occupant perceptions of performance against a construct 
measuring occupant expectations. The item scale considered the effects of the indoor environment, 
functionality, aesthetic appearance, and configuration on workplace satisfaction. The resulting 
framework was demonstrated to be a highly reliable measure, with a Cronbach’s Alpha of 0.93, 
achieved through replacing missing data with the calculated mean average of the corresponding items 
(Pinder, et al., 2003). 
Cronin & Taylor disputed SERVQUAL measures as lacking theoretical and empirical support. 
Research was conducted into whether SERVQUAL was a more valid measure of service quality than 
simple performance measures (SERVPERF). The study gathered 660 complete questionnaires from a 
random sample of residents on the service quality provided by four industries: banking; pest control; 
dry cleaning; and fast food. The study findings suggest that service quality should be conceptualised 
and measured as an attitude, and that a performance only (SERVPERF) measures describe variations 
in service quality better than SERVQUAL approaches. The study asserts that SERVQUAL measures 
are flawed as: they are based upon a satisfaction paradigm rather than an attitudinal model; and 
SERVQUAL models are not shown to be empirically valid in all industries. The study provides 
empirical support to suggest that perceived service quality leads to satisfaction, and that satisfaction has 
a more strongly significant effect than service quality on purchase intentions. Thus, an emphasis on 
total customer satisfaction exerts stronger influence on purchases than service quality (Cronin & Taylor, 
1992). 
Lee took a SERVQUAL approach to intensively measure workplace satisfaction in four office buildings 
in South Korea occupied by three different organisations. The survey yielded 409 responses, of which 
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384 were analysed. The study principally attempted to affirm the following hypotheses: SERVQUAL 
measures were stronger predictors of workplace satisfaction than SERVPERF measures, rejected by the 
study; occupant satisfaction with the physical workplace environment is positively associated with job 
satisfaction, supported by the study (Lee, 2006). 
 
3.3.2. Energy Performance Benchmarks 
The energy performance of any occupied building can be measured in heating and cooling degree-days, 
as can any organism’s environment. These metrics are essentially the summation of differences between 
a reference and outdoor temperature over time. The reference temperature refers to a base outdoor 
temperature that results in comfortable conditions for occupiers of a building without employing heating 
or cooling. Through this method a simple indication of how much heating or cooling energy is needed 
to maintain comfortable indoor temperatures can be determined (Day, 2006). 
When making an assessment of a building’s environmental systems together with the structure it is 
common to describe the energy performance of a building in terms of energy consumption or the global 
warming potential of emissions proportional to gross floor area. The various energy sources capable of 
providing energy to the built environment have quite different emission characteristics. Therefore, the 
distinction between using units of energy consumption and the global warming potential of emissions 
is very important and may have major consequences on the outcome of an assessment. Consequently, 
such a definition is a key consideration (de Wilde & Tian, 2011). 
A metric used commonly in policy tools is to report energy use relative to some reference baseline 
consumption. This approach has been widely adopted in the implementation of the EU Energy 
Performance of Buildings Directive. This policy stipulates that energy consumption or global warming 
potential of emissions are reported on a linear scale relative to the predicted performance of a nominal 
reference design and net zero consumption/emissions per annum (The European Parliament and the 
Council of the European Union, 2003). 
Operational ratings, such as Display Energy Certificates, typically normalise actual meter readings per 
unit floor area using an analysis of degree days and compare the result to a benchmark level of 
approximately median energy consumption for a similar building type (Department for Communities 
and Local Government, 2008b). These schemes have the advantage of using actual observed 
consumption data to derive a measure of performance. However, the evident causal relationship 
between economic activity and energy consumption could imply that such ratings incentivise reductions 
in concentrations of economic activity and thus affordability, which could adversely impact labour 
productivity and value (Constantini & Martini, 2010). Therefore, occupiers may create greatest utility 
by obtaining a perverse operational rating whilst working efficiently. Examples of such behaviour can 
be found in the literature. Reichardt found that operating expenses were significantly higher in Energy 
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Star labelled property which had been found to command premium rents and capital values (Reichardt, 
2013). Ciccone and Hall estimated that doubling employment density increases average labour 
productivity by approximately 6% based upon data from official 1988 USA national statistics (Ciccone 
& Hall, 1996). 
Asset ratings, such as Energy Performance Certificates, typically compare the performance of a building 
energy model predicted using simulation with a similar reference building of a notional standard. 
Assessments often assume perfect service operation and standard occupation. The use of building 
simulation to assess asset performance is sometimes met with scepticism in industry as such methods 
could be considered slightly hypothetical and prone to inaccuracy. Therefore, they are commonly not 
considered particularly useful for understanding inefficiencies in building management during 
operation. However, the UK government assert that meaningful comparisons between assets can be 
made during leasing and transaction processes by comparing the assessed asset to a reference building 
and standardising input data. Such an approach is taken with the National Calculation Methodology 
(NCM) methodology (Department for Communities and Local Government, 2008a). 
CIBSE Technical Memorandum 54 is a recent publication that attempts to address asset managers’ 
concerns that buildings designed using NCM and other evaluation standards employing building 
simulation have not been in good agreement with observed consumption. The publication cites two 
common reasons for the phenomena: that evaluation using building simulation often externalises a 
number of significant loads, such as small power and lifts; and the quality of site construction. The 
publication makes recommendations on how to reconcile the perceived disparity, including methods for 
internalising small power and lift loads and a scenarios analysis of building management and the climate 
(Cheshire & Menezes, 2013).  
A limitation of all these energy performance benchmarking methods is that they commonly externalise 
the social context in which the assessed facilities operate, often not evaluating energy performance with 
values relevant to society (e.g. currency) or considering uncertainties in the future development of the 
energy system in particular. Therefore, it is challenging to understand their significance to markets and 
effectively manage. 
 
3.3.3. Simulating Service Performance 
The ability to simulate the response of individual case study buildings to plausible future uncertainties 
has only recently been a feature of academic literature. To date the predominant focus has been to 
understand building responses to a changing climate. Few studies have discussed the impact of future 
uncertainties in the development of energy systems. 
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De Wilde and Tian reported an early study where they predicted the performance of an office building 
under climate change using the UKCIP02 climate projections2. A uniform distribution was assumed 
across all scenarios of the UKCIP02 dataset as all scenarios were considered equally likely. The study 
used EnergyPlus3 to simulate the response of a three storey mixed-mode office building located in 
Birmingham towards 2080. The case study combines natural and mechanical ventilation strategies 
during summer. It adopted the UK Department of Food and Rural Affair’s 2009 emission factors for 
delivered energy sources and National Calculation Methodology4 occupancy and operation standard 
profiles throughout the simulation period. Future greenhouse gas emission rates and office work 
performance were estimated. The study found that climate change will lead to a slight decrease in the 
buildings annual carbon emissions throughout the simulation period. Building performance was not 
found to be significantly sensitive to projected climate change. Internal gains from lighting and 
equipment were found to be the dominant factors in simulation sensitivity. The study noted that changes 
in emission intensity factors of delivered energy sources are a highly significant uncertainty which they 
were not able to address with any level of rigour (de Wilde & Tian, 2010). 
Wang et al. studied heating and cooling demands for 2, 5 and 7 star AccuRate5 variants of a four 
bedroom dwelling in 5 different Australian jurisdictions between 1990 and 2100 under 550ppm, A1FI 
and A1B SRES climate change scenarios. Weather files for the various climate change scenarios were 
developed through morphing a base typical meteorological year (TMY) file and adjusting hourly air 
temperature, relative humidity and solar radiation intensity. The study concluded that the effect of 
climate change on the annual energy balance of Australian housing varies depending on the region 
within the expected useful life of a building. In warmer areas, a significant increase in cooling demand 
appeared to outweigh any potential decrease in heating demand. However, in the cooler regions of 
Australia overall energy demand was found to decrease. This was due to larger reductions in heating 
demand than corresponding increases in cooling demand (Wang, et al., 2010). 
Gupta and Gregg used building simulation to model the effects of extreme climate change on domestic 
homes in the UK. The study adopted 90th percentile UKCP09 TRY weather files for the years 2030, 
2050 and 2080 to assess overheating risk for a purpose built flat and semi-detached, mid-terrace and 
detached dwellings in Oxford. This identified a significant increase in the risk of overheating to each of 
                                                     
2UK climate projections towards 2080 developed by the Tyndall Centre for Climate Change Research. 
3A software package used for building simulation. 
4The governments approved methodology for calculating the energy performance of buildings in England and Wales 
(Sweetenham, 2008). 
5AccuRate calculates annual total H/C energy requirement, assigning a star rating between 0 and 10 stars to a building for the 
specified climate zone. More stars indicate a reduced likelihood that the occupants need cooling or heating to stay comfortable 
(Wang, et al., 2010). 
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these cases towards 2080. The success of retrofit measures varied significantly between cases, with 
some measures having significantly positive effects to some case whilst having negative effects on 
others. In general, the study found that the adoption of solar shading and highly reflective finishes would 
be most effective in reducing overheating (Gupta & Gregg, 2012). 
De Wilde and Tian published a study that evaluated the risk of climate change to the performance of 
four cases: a mixed-mode office building; a new house fitted with ground-source heat pumps and 
photovoltaics; the Roman Levinsky building at the University of Plymouth; and a supermarket. It 
predicted energy performance (emissions) consistent with the NCM methodology, based solely on 
contextual uncertainties posed by climate change for each case from the year 2010 to 2070. The study 
found a slight increase in annual emissions over this period for every case study. Such emission 
increases mainly arose from higher cooling demand and outweighed significant reductions in seasonal 
heating demand. The study concluded that the current building stock is likely to be sufficiently resilient 
to provide comfortable indoor temperatures with respect to a changing climate towards 2070. However, 
it acknowledges that some minor adaptation may be required during routine refurbishment cycles (de 
Wilde & Tian, 2012). 
Note, this review does not provide a summary of a large body of literature discussing the expected 
benefits of building improvements (Zmeureanu, 1990; Flourentzou, et al., 2002; Dong, et al., 2005; 
Rysanek & Choudhary, 2011; Menassa, 2011; Asadi, et al., 2012; Asadi, et al., 2012; Ma, et al., 2012; 
Rysanek & Choudhary, 2013). A recurring theme within all of these studies is that they do not adopt an 
accounting framework for evaluating the long-term energy performance (financial) of a building 
through a rigorous exploration of energy system futures. Without doing so, a judgement can be made 
that they cannot adequately evaluate the financial benefits of any building improvements. 
 
3.4. The Policy Context 
The built environment operates within a social context that is highly influenced by its institutions. This 
section discusses labelling and certification as policy tool that describes signals of quality, with 
examples in the literature of effects in the USA and UK. Further, a thorough review of the National 
Calculation Methodology is made as a common statutory convention for describing the energy 
performance (compliance) of UK non-domestic property. 
 
3.4.1. Signalling Service Quality during Transactions and Leasing 
Gathering the necessary information to appropriately appraise energy performance during contracting 
processes is challenging. In order to address this many governments have introduced energy 
performance labelling and certification, which provide a signal to buyers to assist with appraising the 
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quality of property. In the USA, there is evidence to suggest Energy Star labelled offices have 
commanded premium rents and transaction prices. However, no market premiums have been associated 
with the ratings provided by EPCs in the UK office market. This could indicate a degree of confusion 
or significant inertia in evaluating such signals within either the UK or US markets. 
 
Addressing Adverse Selection 
The leasing of commercial office space to businesses represents an interesting case where there is 
significant potential for appropriate signalling in a sector of the real estate market with comparatively 
weak ties between occupiers, landlords and buildings. Quan and Quigley identified that the process of 
contracting in the real estate industry is best described as an uncooperative bargaining approach between 
buyers and sellers (Quan & Quigley, 1991). It has been typical for property owners and prospective 
tenants seeking to lease office space to employ agents or brokers who are incentivised to obtain the 
highest rental value possible in receiving a percentage of the agreed price. In such a situation the 
prospective tenant is typically faced with a principal-agent problem in which they cannot determine 
whether property agents are working in their best interest. Where an agent has the benefit of more 
information about the quality of the building than the prospective occupier and is less than transparent 
information asymmetry occurs (Yavas, 2007). Such conditions are similar to those described by 
Ackerlof who demonstrated how they can lead to widespread adverse selection, where buyers make 
inappropriate appraisals of quality. Such adverse selection arising from the contracting process would 
likely reduce the size of the market and the average quality of office facilities through incentivising 
sellers to market poor quality property (Ackerlof, 1970). A measure that many governments have taken 
to address this is to introduce energy performance labelling and certification. 
In general, energy performance labelling and certification is intended to provide signals to the market 
of the quality of manufactured assets. This is also the case when applied to office markets, where the 
most widespread schemes are a performance measure of the facility and do not include considerations 
as to the performance of location or occupiers6. To evaluate these initiatives it is necessary to determine 
whether they are a useful tool in overcoming adverse selection by providing a signal to markets of the 
facilities relative contribution to the productivity of society compared with alternatives (Dasgupta, 
2001). 
 
                                                     
6 A notable exception to this type of performance labelling and certification for commercial property is the NABERS rating 
scheme in Australia, which also includes measures of the performance of workplace occupants and facilities management. 
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Energy Performance Certificates in the UK 
The effects of introducing EPCs to the UK office market were examined by Fuerst and McAllister using 
econometric models. The study compared the market value, equivalent yield, and rental value of 226 
office facilities using hedonic regression. The study found no evidence that EPCs have had any 
influence on observed prices (Fuerst & McAllister, 2011a). 
A study published by the Department of Energy and Climate Change used hedonic pricing analysis to 
investigate the significance of EPCs to the domestic stock within different geographical regions. It 
found that EPCs commanded a significant premium to property values in the UK overall, with the 
exception of the south-east. Observed premiums were greatest in regions of low demand for space and 
colder ambient temperatures. It was asserted that the insignificance of EPCs in contributing to property 
values in the south-east may be due to the importance of commuting distances to London in setting 
prices (Fuerst, et al., 2013). 
 
Energy Star Labelling in the USA 
The US Environmental Protection Agency introduced the Energy Star program in 1992 as a voluntary 
labelling program designed to identify and promote energy efficient products. Initially these labels were 
applied to computers and monitors. Since 1995 Energy Star labelling has expanded to label major 
appliances, office equipment, lighting, home electronics, new homes, and commercial and industrial 
buildings (US Environmental Protection Agency, US Department of Energy, 2011). The label provides 
a benchmark that indicates when a building’s energy performance (compliance) is equivalent to the top 
25% of comparable buildings (Eichholtz, et al., 2009). 
The existing statistical evidence for transaction and rental premiums derived from the energy 
performance labelling and certification of Energy Star labelled offices was reviewed by Parkinson and 
Cooke in an investigation into an emerging consensus within price comparison studies. The study 
reviewed a number of publications using hedonic regression to compare historic rents and transaction 
prices for US offices. Since this study was published, new evidence has emerged in this area. Table 4 
provides an updated summary of existing research using these techniques. Such findings may suggest 
that property investors attributed a low risk premium for more energy efficient commercial office space 
in the US. 
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Table 4: A review of evidence of multiple premiums for offices endorsed by the Energy Star label. 
Study Attribute Data Premium / % (Sample size) 
Transaction Asking Rent 
(Wiley, et al., 2008) CoStar®  7-9 (?) 
(Miller, et al., 2008) CoStar® 6-11 (7 308)  
(Fuerst & McAllister, 2011b) CoStar® 26 (1282) 4 (1282) 
(Fuerst & McAllister, 2011c) CoStar® 18 (2111) 3-5 (2111) 
(Eichholtz, et al., 2010) CoStar® 15.8-16.8 
(1074) 
3.3 (1074) 
(Pivo & Fisher, 2010) National Council of Real Estate Investment 
Fiduciaries 
8.5 (1 199) 2.7 (1 199) 
Eichholtz et al. took an alternative approach by studying the effects of Energy Star labelled property on 
the performance of US Real Estate Investment Trusts using regression analysis. They reported that a 
1% increase in a portfolio’s share of Energy Star certified property returned a 0.31% increase in return 
on assets and a 0.66% increase in return on equity. The investigators assert that the findings suggested 
that benefits in “greening” property portfolios outweighed the costs (Eichholtz, et al., 2012). 
Reichardt carried out a study to determine whether rental premiums for energy star labelled offices were 
a result of reduced operating expenses. The study found that operating expenses were significantly 
higher in Energy Star labelled property (Reichardt, 2013). This might be expected, as the marginal cost 
of energy consumption within a high performance Energy Star building are likely to be relatively low. 
Such buildings could easily attract an increased level of economic activity from occupiers, contributing 
significantly more value relative to occupiers of lower quality stock. 
 
3.4.2. The National Calculation Methodology 
A mandatory methodology for calculating the energy performance (compliance) of buildings in England 
and Wales is stipulated by a Notice of Approval issued by the Department for Communities and Local 
Government (DCLG) and is commonly abbreviated as the NCM. The notice states that the Asset Rating 
of a non-domestic building should be calculated using either the Simplified Building Energy Model 
(SBEM) or an approved Dynamic Simulation Model (DSM) (Sweetenham, 2008). 
Both of these modelling tools predict the complex physical interactions within a building based upon 
user inputs of building components, occupant activity, and local climatic conditions. The UK 
government assert that these tools provide the means to carry out a precisely defined experiment through 
the NCM which generates a performance indicator for a building, known as an Asset Rating. Such 
evaluations are considered by government as reproducible and meaningful for decision making. 
In order for a performance indicator to be truly reproducible the analysis used to generate it needs to be 
executed in an objective way, independent of the Assessor and modelling tool. If these conditions cannot 
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be met the analysis becomes dependent on the combination of user and modelling tool. In practice this 
is not totally unavoidable (Augenbroe, 2004). The NCM employs accreditation requirements on 
Assessors and modelling tools to address these issues. 
 
Dynamic Simulation Models 
DSM allows for the study of transient building responses to the climate. These methods require detailed 
specification of factors of influence. There are two main typologies of DSM (Chartered Institute of 
Building Services Engineers, 1998): 
 Response factor models, which can predict temperatures and heat fluxes at any point within the 
system of interest. 
 Finite difference models, which allow a building and its systems to be analysed simultaneously in 
sub-hourly time steps. Such models lend themselves to the study of materials time-varying thermal 
properties. 
 
Simplified Building Energy Model 
Raslan & Davies describe SBEM as a quasi-dynamic analytic tool (Raslan & Davies, 2011). This type 
of model differs from DSM types by approximating time-varying parameters to simple mathematical 
relationships. CIBSE stipulate an admittance method for these approximations where the following 
assumptions are made: all dynamics can be represented by the responses to a sine wave with a period 
of 24 hours; heat interchange between room surfaces follows heat transfer assumptions detailed in 
CIBSE Guide A; and a uniform distribution of transmitted short-wave radiation over room surfaces 
(Chartered Institute of Building Services Engineers, 1999). These methods have been justified by 
Davies who found that much of the thermal response of a building to solar gain can be described by a 
steady-state model with a sinusoidal harmonic over a 24-hour period (Davies, 1994). 
Quasi-dynamic tools provide a useful indication of building response and can be used to determine plant 
load. However, most thermal processes are not well represented by single frequency sine waves and 
consequently these models tend to overestimate plant capacity and hence energy consumption 
(Chartered Institute of Building Services Engineers, 1998). In general, quasi-dynamic tools are less 
flexible than DSM tools to support design. They are unable to model the effects of certain building 
features, such as advanced solar shading and ventilation strategies (Department for Communities and 
Local Government, 2008a). 
 
Aidan Parkinson 
Page 41 
Standardisation 
The NCM modelling guide stipulates a standard protocol for Energy Assessors to input data into 
modelling tools in order to facilitate estimation of energy performance (compliance) on a consistent 
basis. The protocol provides (Department for Communities and Local Government, 2008a): 
 A database of standard activities that must be assigned to each space of a building under assessment, 
specific to various types of space and building class. These standard activities include data that 
describes standard occupancy, temperature set-points, infiltration, and heat gain profiles. This 
database allows building to be compared on the basis of their intrinsic potential performance, 
regardless of how they may actually be used in practice. DCLG assert that this makes an Asset 
Rating useful for decision making. 
 A database of calculated U-values, which is preferably used in all instances. In cases where a 
required construction does not exist in the database alternative sources are permitted. Assessors 
may also specify surface construction properties where they are accurately known. 
 Standard weather sets for a building’s location, based upon 13 weather data files. 
 Rules for thermal and lighting zoning. 
 Standard measurement conventions. 
 A limitation on technologies that can be analysed as part of an energy assessment. 
 
Rating Scale 
Energy Performance Certificates display a rating scale from A+ to G. In carrying out the assessment 
the property under evaluation is compared with an equivalent mechanically heated and cooled reference 
building of similar geometry, gas fired heating and hot water provision, and an otherwise minimal 
specification meeting ADL2 standards using building simulation. The annual emissions of property 
under evaluation is defined as the Building Emission Rate (BER). A Standard Emission Rate (SER) is 
derived from the annual emissions of the equivalent building of minimal specification, multiplied by 
0.765 to account for a 23.5% improvement factor. Energy Performance Certificates display an Asset 
Rating (AR) for the building which is calculated by dividing the BER by the SER and multiplying the 
result by 50. A rating of 0 defines the threshold between an A and A+ rated building and signals that 
the buildings regulated loads7 have net zero annual greenhouse gas emissions. A rating of 100 defines 
                                                     
7 ‘Regulated loads’ refer to all energy consumption other than lifts, external lighting and small power. 
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the threshold between a D and E rated building (Department for Communities and Local Government, 
2008a). 
 
3.5. Valuation of Commercial Property 
Investment in real estate requires a keen focus on the efficient allocation of capital, requiring perpetual 
evaluation. This section discusses the process of valuation in commercial property markets. It begins 
by explaining typical commercial leases before defining some of the core principles of capital 
budgeting. Further, methods for the appropriate discounting of capital assets are described. 
 
3.5.1. Typical Commercial Leases 
Relationships between commercial occupiers and landlords are governed by legally binding contracts 
that are a result of negotiation at the beginning of the term. Such contracts typically stipulate the periodic 
rent and the terms under which numerous provisions will be provided. Such provision may include 
operation and maintenance costs for services. There are two variants, the gross and net lease. In a net 
lease the tenant will do everything that has to be done to make sure that rental payments are absolutely 
net, thereby providing an arrangement that allows the landlords’ investment to have similar 
characteristics to that of a bond. In a net lease the occupier is responsible for paying all taxes, insurance, 
management fees, utility costs, cleaning and security requirements, dilapidations and asset depreciation. 
In a gross lease some or all of these costs are paid for by the landlord (Williams Jr, 1967). 
 
3.5.2. Capital Budgeting 
Investment returns delivered by property are heavily influenced by professional valuation appraisals 
rather than marginal trading prices. In the absence of continuously traded, deep and scrutinised markets 
valuations are crucial to evaluate asset performance (Baum, 2009). Commercial valuations are strictly 
regulated. In the UK they are carried out in accordance with guidance set out in the Royal Institution of 
Chartered Surveyors Red Book. Here there is a distinction between independent valuation agents who 
are unable to act on behalf of clients in other transactions and activities, and external valuation agents 
who are. The guidance sets out a framework that ensures that a valuation is an ex-post assessment based 
upon historical market evidence, and is not influenced by an agent’s speculation or relationships (Royal 
Institute of Chartered Surveyors, 2012). However, there is deep scepticism amongst professionals and 
scholars of the ability of these professional valuations and appraisals to reliably fulfil this role. There is 
consensus that individual valuations are prone to a degree of uncertainty. Valuations fail to capture the 
extent of market volatility and tend to lag underlying performance. Therefore, commercial real estate 
valuations may be thought of as being ‘sticky’ in economic terms. The potential for a client to have a 
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damaging influence on a valuation agent by interfering in some way in their professional judgements 
provides the potential for a moral hazard (Baum, 2009). Within this framework it is necessary for 
property investors and asset managers to take an ex-ante approach to valuation appraisals in order to 
appropriately manage risk and determine expected returns based upon their understanding of the future. 
Fundamental to the theory of capital budgeting is the concept that in calculating income one should 
always appraise the value of services and never the goods providing them. This is particularly important 
when valuing assets with long useful lives, as the service provided by the good is not entirely consumed 
within a short instance of it being purchased (Fisher, 1930). Building upon this theory the fair value of 
the rights to the freehold of an asset, where the landlord holds a claim of infinite duration on the 
property, can be determined through making an appraisal of its net present value. This is defined by 
Equation 4. All economies are imperfect and thus property exhibits specific risks that influence 
expected returns on capital investment. These risks need to be incorporated into an appropriate 
evaluation of a discount rate within a valuation process. 
Equation 4: Theory of net present value 
𝑁𝑃𝑉 = ∑
𝑌𝑡
(1+𝐸𝑟𝑖)𝑡
∞
𝑡  for, 𝑡 ≥ 0 
Where, 
𝑁𝑃𝑉 = net present value. 
𝑡 = accounting period. 
𝑌𝑡 = net cash-flow, the product of well-being and consumption, at time t. 
𝐸𝑟𝑖 = expected return on investment, reflecting the opportunity cost of capital on similar assets with 
equivalent risk. 
The cash-flow at each time period indicates the value delivered to the occupier during that interval by 
the buildings services. Leases typically attribute consumption and utility into the elements stated in 
Equation 5. Net rent provides an indication of value whilst other fees can be considered costs. 
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Equation 5: Cashflow within a net lease arrangement 
𝐼𝑡 = 𝑌𝑡 + 𝑆𝑐𝑡 + 𝑉𝐴𝑇𝑡 − 𝑍𝑡 
Where, 
𝐼𝑡 = gross income for accounting period. 
𝑌𝑡 = rent for accounting period, equivalent to net cash-flow. 
𝑆𝑐𝑡 = service charge for accounting period. 
𝑉𝐴𝑇𝑡 = value added tax for accounting period. 
𝑍𝑡 = Investment in accounting period 
Industry guidance allows for the following elements to contribute towards the service charge (Royal 
Institute of Chartered Surveyors, 2011): 
 Management and accounting fees. 
 Utility costs. 
 Cleaning and security costs. 
 Maintenance costs. 
 Insurance. 
 Exceptional expenditure, including major works and a deprecation charge. 
 
3.5.3. Discounting Capital Assets 
To define an appropriate discount rate for the valuation of any asset (𝐸𝑟𝑖) descriptions of future cash-
flows need to be developed that satisfactorily reflect expectations. The use of explorative scenario 
planning allows for the consideration of a number of plausible descriptions of how a building may 
perform under conditions that reflect the limits of supply constraints to systematic pressures. These 
alternative descriptions need to be taken into account when determining an appropriate discount rate 
that adequately reflects the opportunity cost of capital on similar investments with equivalent risk. 
A common method to evaluate the market risk of capital assets in business is the Capital Asset Pricing 
Model (CAPM) (Graham & Harvey, 2001). Modern implementation of the CAPM is in general an 
extension of the portfolio optimisation theory set out by the Treynor-Black model (Dimson & 
Mussavian, 1999). Treynor and Black describe the “normative flavour” of this rather idealised model. 
It adopts Sharpe’s assumption that security returns are linearly related to fluctuations in a market-wide 
index with a known degree of sensitivity and that specific returns on securities are generated with a 
known mean average and variance (Sharpe, 1963). Sharpe’s assumption considers the trades of an 
individual investor relative to a market that is so large that it is unaffected by imperfect information and 
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with no transaction costs to buying and selling securities. This theory asserts that under a number of 
idealised conditions Equation 6 can be used to value the expected returns on a capital asset (Treynor & 
Black, 1973). A notable challenge to this theory was made by Roll, who noted that Treynor and Black’s 
CAPM does not simply require an understanding of risk to equity markets, but risks to all wealth. They 
subsequently assert that this makes validation of the CAPM very difficult to test with any certainty 
(Roll, 1977). The model also compounds potential behavioural heuristics through evaluating 
observations of only a single factor (Fama & French, 2004). Attempts have been made to validate the 
CAPM: through comparisons with equity markets, which confirmed the null hypothesis of ‘no 
significant relationship’ (Kandel & Stambaugh, 1987); and through including bonds and real estate into 
the market portfolio, where the null hypothesis of ‘no significant relationship’ was confirmed again 
(Stambaugh, 1982). 
Equation 6: Capital asset pricing model 
𝐸𝑟𝑖 = 𝑟𝑓 + 𝛽(𝐸𝑟𝑚 − 𝑟𝑓) 
Where, 
𝐸𝑟𝑖 = the expected return on the asset. 
𝛽 = asset sensitivity, derived from Equation 7. 
𝑟𝑓 = the risk free rate. 
𝐸𝑟𝑚 = the expected return on the market. 
Equation 7: Model of asset sensitivity 
𝛽 =
𝐶𝑜𝑣(𝑟𝑠, 𝑟𝑚)
𝑉𝑎𝑟(𝑟𝑚)
 
Where, 
𝑟𝑠 = risk to asset. 
𝑟𝑚 = risk to market benchmark. 
Arbitrage Pricing Theory (APT), described by Equation 8, has many of the favourable characteristics 
of the CAPM whilst overcoming many shortcomings of the model. The core principle behind APT is 
that only a small number of systematic factors affect long-term average returns on securities. Unlike 
CAPM, the model rejects Sharpe’s single factor model and recognises that there are multiple factors 
that cause systematic risk to an economy. Within APT each factor captures the sensitivities of assets to 
corresponding pervasive factors. It asserts that assets perform identically to the market when exhibiting 
no underlying specific risk (Ross, 1976). One of the major challenges of using this method is defining 
the underlying factors that affect asset prices (Dimson & Mussavian, 1999). Critiques by Shanken assert 
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that for individual securities approximations in defining suitable factors lead to such imprecision that 
validation of the model is almost impossible (Shanken, 1982). 
Equation 8: Arbitrage pricing theory 
𝐸𝑟𝑖 = 𝐸𝑖 + 𝛽𝑖1𝐹𝑖1 + 𝛽𝑖2𝐹𝑖2 … + 𝛽𝑖𝑘𝐹𝑘 + 𝜖𝑖 
Where, 
𝐸𝑖 = expected return on the asset through using a single factor model, such as the CAPM. 
𝛽𝑖𝑘 = asset sensitivity on the systematic kth factor, derived from Equation 7. 
𝐹𝑖𝑘 = excess return on the systematic kth factor. 
𝜖𝑖 = excess return on unsystematic idiosynchratic factors. 
An unsystematic idiosyncratic factor describes variations in asset value not explained by systematic 
factors. In a large portfolio of securities it is often presumed that idiosyncratic components of market 
risk are well diversified and therefore insignificant. 
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4. Energy Performance Certification as a Signal of 
Workplace Quality 
4.1. Introduction 
Gathering the necessary information to appropriately appraise energy performance during leasing and 
transaction processes is challenging. In order to address this many governments have introduced energy 
performance labelling and certification, which provide a signal to buyers to assist with appraising the 
quality of property. With such policy intervention there is clearly need to evaluate how useful they are 
at overcoming barriers to energy efficiency within the sector. 
The investigation explained in this chapter seeks to understand the strategic potential of EPCs in 
providing signals of energy performance (emissions) to potential occupiers during commercial leasing. 
In doing so, this study evaluates how potentially useful these signals are. By identifying a signal that is 
indicative of facility energy performance (emissions) potential occupiers might be able make better 
decisions when comparing potential facilities to occupy, allowing for more appropriate price 
differentiation. 
This study was conducted in collaboration with another researcher, Robert De Jong, who was 
instrumental in widely distributing and publicising the survey. However, the author was responsible for 
constructing the survey measures, analysing the collected data, interpreting the findings and reaching 
conclusions. 
The potential significance of EPCs in real estate contracting is evaluated within this research through a 
widespread analytical survey of workplace occupiers. Section 4.2 outlines the research design and 
Section 4.3 the survey findings. 
 
4.2. Survey Design 
The purpose of this study is to understand the strategic significance of the information provided by 
EPCs in order to evaluate their usefulness to potential occupiers of office facilities. This study proposed 
a theoretical framework that EPCs are a measure of a facilities service performance, that occupant 
satisfaction is a measure of a facilities quality, and that rental value reflects occupants purchase 
intentions. 
In order to validate the theoretical framework it was necessary to study occupant satisfaction with 
workplaces through a widespread analytical survey and compare the responses to the facilities EPC 
asset ratings and rental value. The survey does not claim to make representative or random observations. 
Therefore, its findings are limited only to the survey sample. Even so, it is still possible to confirm or 
reject study hypotheses and provide new insight. Section 4.2.1 provides an overview of the study aims 
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and hypotheses, Section 4.2.2 construction of the survey measures and Section 4.2.3 an explanation of 
primary data gathered from sources other than the survey. This research follows an 8 step process 
stipulated by Churchill and described in Figure 12 (Churchill, 1979).  
 
Figure 12: Study 1 research methodology. 
 
4.2.1. Aim and Research Hypotheses 
Aim 1: Validate that Energy Performance Certificates are an appropriate signal of facility energy 
performance (financial). 
The following hypotheses needed to be supported to indicate an efficient market: 
Aidan Parkinson 
Page 49 
Hypothesis 5.1: EPC asset ratings, as a measure of service performance, are associated with occupant 
satisfaction with energy performance. 
Hypothesis 5.2: Rental value is associated with all aspects of facility satisfaction. 
The following hypothesis needs to be supported to indicate that occupant attitudes towards 
environmental concerns have affected their purchase intentions: 
Hypothesis 5.3: Rental value is associated with occupant attitudes towards facility environmental 
performance, or operational environmental impact. 
 
4.2.2. Constructing the Survey Measures 
It was determined that a means of fulfilling the research aim would be to compare multi-item 
measurement scales to other statistical measures of workplace performance within property databases. 
Rensis Likert has been attributed with establishing the use of multi-item rating scales as a method for 
measuring attitudes (Likert, 1932). Since, multi-item rating scales have been used to measure hundreds 
of variables (Spector, 1992).  
Each observed score on a multi-item rating scale consists of the true score and random error. Random 
errors are assumed to be from a population with a mean average of 0. Therefore, with multiple 
observations errors in measurement are assumed to approximately average out. Error of measurement 
is inversely related to reliability, thus one way of increasing reliability is to increase the number of 
items. Achieving reliability means that the error in observations has averaged out so that the results are 
reflective of the true score (Spector, 1992). Multi-item scale reliability, also known as internal 
consistency, can be described statistically using a Cronbach’s Alpha coefficient. This coefficient 
measures reliability on a scale of 0 to 1, with higher scores indicating better reliability (Cronbach, 1951). 
Bias is a further consideration of multi-item rating scales which comprise of systematic influences on 
observed scores. These influences are not random and do not come from distributions with means of 0. 
Biases are not completely eliminated and not all sources of bias are presently known. Validation is the 
appropriate process in demonstrating that a scale measures what it was intended, rather than bias. There 
are three approaches to establishing validity of a social construct (Spector, 1992): 
 Criterion-related validity, which involved the testing of hypotheses related to how items will 
correlate with other variables. 
 Discriminant or convergent validity, which involves studying the comparative strengths or patterns 
of relations amongst several variables between item scales seeking to measure similar phenomena. 
 Exploratory factor analysis. 
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To compile norms, descriptive statistics are compiled across all respondents. Analyses are made to 
determine differences in the distributions of responses to the item-scale between sub-populations 
defined by the descriptive data. Norms that can be developed over as diverse groups as possible are 
most widely significant (Spector, 1992). 
The domain of construct for this research is occupant perceptions of workplace quality. It was 
recognised that there had been substantial prior research in this field. Hence, the survey measures 
needed not be developed in isolation. A theoretical framework consisting of 11 workplaces attributes 
as items was selected through a literature review of precedents8. Table 5 describes the item scale along 
with details of the principal sources that supported item selection. This item scale considers a broader 
selection of workplace attributes than reviewed studies. 
The items were originally qualified both in terms of occupant satisfaction (Construct A) and perceived 
importance (Construct B) by occupants on 7 point Likert scales in accordance with SERVPERF 
methods. This theory was supported by Cronin and Taylor, who explored the possibility that the 
customer satisfaction of a service could be determined either through the product of the perceived 
importance and performance of a service, or simply its performance only (Cronin & Taylor, 1992). 
Therefore, the question wording for Construct A was: “How satisfied are you with the following 
attributes of your current workplace?” The wording for Construct B: “How important are the following 
attributes of a workplace to you?” These constructs could then be checked for internal consistency and 
compared with objective measures of workplace performance, such as EPC asset ratings and rent for 
validation. 
  
                                                     
8 The terms ‘workplace attribute’ and ‘item’ are used interchangeably. 
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Table 5: The 11 item satisfaction scale of workplace attributes used for Constructs A & B. 
Principal Supporting Literature Item / Workplace Attribute 
(Parkinson & Cooke, 2011) Energy performance, as defined by label or certificate 
(Parkinson & Cooke, 2011) Property environmental performance, as defined by label or certificate 
(e.g. BREEAM, LEED) 
(Department of Energy and Climate Change, 
2010) 
Operational environmental impact 
(DiPascquale & Wheaton, 1996) Running costs (including rent, service charge, and energy costs) 
(Pinder, et al., 2003) Configuration (including space requirements and adaptability) 
(Pinder, et al., 2003) Indoor environment (including comfort, acoustics, air & lighting quality 
and control) 
(Pinder, et al., 2003) Aesthetic appearance (including cultural significance) 
(Bordass, et al., 2001) Occupant understanding of how the building operates 
(Bordass, et al., 2001) Property managers understand workplace sustainability needs 
(Pinder, et al., 2003) Functionality (including level of distraction, privacy, storage space, 
security and IT provision) 
(DiPascquale & Wheaton, 1996) Location (including proximity to public transport, accessibility, retail, 
other businesses, and outdoor space) 
The satisfaction scale was included in a survey with very few compulsory questions, required only for 
the survey logic to be carried out appropriately online. It was promoted by the authors to attract as many 
responses as possible. Little consideration was made as to how to obtain a representative sample other 
than to include qualifying questions in the survey to develop norms and make comparisons to national 
statistics. The survey was pilot tested through 10 interviews of workplace occupants and further refined 
before being hosted by SurveyMonkey® from the 21st November 2011 to 23rd April 2012. Promotion 
of the survey was conducted principally through social media by collaborating research partners led by 
Robert de Jong. Table 6 explains in detail how the survey was marketed. Respondents were encouraged 
to leave their answers to responses blank if they did not know how to answer a question.  
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Table 6: Survey promotion. 
Supporting Partner Promotion 
LessEN - Email to 1,500 members. 
- Calls to approximately 70 members. 
- Multiple tweets to just over 1000 followers on Twitter. 
- Messages to 207 members through Linked In. 
Urban Land Institute - Email to 453 members. 
- Calls to approximately 50 members. 
Modern Built Environment Knowledge Transfer Network - Posted survey on author’s blog which gained 188 views. 
UK Green Building Council - Email to 2500 members. 
- Post on LinkedIn group page with 650 followers. 
- Tweeted to 10000 followers on Twitter. 
2 Degrees Network - Hosted message on website 
- Sent an email to 4200 members. 
Planet Positive - Email to 5000 contacts. 
EcoConnect - Posted survey advertisement on LinkedIn group. 
- Emailed 1400 members. 
Better Buildings Partnership - Email to 20 members with request to forward to contacts. 
British Institute of Facilities Management - Sent to 10644 members. 
Cambridge Programme for Sustainability Leadership - Posted survey on Linked In group page with 268 
members. 
The Low Carbon Workplace - Email to 750-850 members. 
Open City Network - Included in a monthly newsletter sent to over 6000 
subscribers. 
Preliminary data downloaded on the 17th January 2012 was used to refine the survey measures. In total 
the survey attracted 96 responses to this date. The preliminary internal consistency of the two rating 
scales was determined by calculating Cronbach’s alpha coefficients from the survey results using R 
code. As alpha coefficients are not robust when used to assess incomplete data all incomplete records 
were omitted from the test sample. This resulted in 31 records being tested. The tests found alpha 
coefficients of 0.93 for Construct A and 0.59 for Construct B. Each item of Construct A returned a 
Cronbach’s Alpha above 0.92, which indicates that factor analysis was unlikely to improve reliability. 
Gliem and Gliem assert that such Alpha coefficients exhibited by Construct A are indicative of 
“excellent” reliability. The results of Construct B were evidently questionable (Gliem & Gliem, 2003). 
Construct B was removed from the questionnaire and its use not continued. This was due to preliminary 
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analysis and Cronin and Taylor’s assertions that introducing measures of service importance are not 
helpful in measuring service quality. 
As a result, the survey asked “How satisfied are you with the following attributes of your current 
workplace?” whilst presenting a 7-point Likert scale ranging from ‘unsatisfied’ to ‘satisfied’ for the 
construct items listed in Table 5. In addition, the survey asked a number of qualifying questions about 
the respondent and the building they occupied. These questions can be found in Appendix 3. 
 
4.2.3. Statistics from Databases 
Data gathered from the survey has been supplemented by further information obtained from databases. 
This included: 
 The most recent rental value of the respondent’s workplace before 22 November 2011, obtained 
from CoStar®. 
 The most recent Energy Performance Certificate Asset Rating lodged before 22nd April 2012 from 
the Non-Domestic Energy Performance Register (Landmark Information Group, 2012). 
 
4.3. Results and Analysis 
The objectives of the analysis were to check the multi-item satisfaction scale for internal consistency 
and validity, develop norms, and determine whether the data collected supports the hypotheses stated 
in Section 4.2.1. 
 
4.3.1. Representativeness of Sample 
On the 23rd April 2012 a total of 204 responses from private sector occupants were downloaded and 
analysed. This provided perspectives of perceived quality of over 111 different offices. In order to 
determine broadly how representative the survey sample is nationally data collected in the survey has 
been compared with information provided by the Office for National Statistics (ONS) (Department for 
Business Innovation & Skills, 2010). 
Table 7 compares the size of the respondent’s organisations with those of the private sector and UK as 
a whole. For the purposes of this analysis the most pertinent comparison is with the private sector 
population as this reflects almost the entire survey sample. This data reveals how ‘micro’ sized 
organisations have been under represented. 
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Table 7: Comparison between organisation sizes represented in sample and national working population 
(categorisation as defined by ONS). 
Population 
Number of Employees 
Micro (0-9) Small (10-49) Medium (50-249) Large (>250) 
UK / % 19.6  17.7  14.2  48.5  
Private Sector / % 32.2  15.0  12.0  40.9  
Survey / % 9.0  11.0  19.0  61.0  
Using the same data comparisons can be made between private industry sectors represented in the 
sample and the UK. This information is shown in Table 8. The data shows that the real estate sector and 
professional services sector may have been over represented in the sample, whilst the retail and 
manufacturing sectors may have been under represented. 
Table 8: Comparison between industry sectors represented in sample and national working population. 
Industry Sector National / % Survey / % 
Agriculture, Forestry and Fishing 2  
Mining and Quarrying; Electricity, Gas and Air Conditioning Supply; Water Supply; 
Sewerage, Waste Management and Remediation Activities 1 1 
Manufacturing 12 5 
Construction 9 7 
Wholesale and Retail Trade; Repair of Motor Vehicles and Motorcycles 21 2 
Transportation and Storage 6 2 
Accommodation and Food Service Activities 8  
Information and Communication 5 9 
Financial and Insurance Activities 5 5 
Real Estate Activities 2 28 
Professional, Scientific and Technical Activities 9 30 
Administrative and Support Service Activities 7 6 
Education 2 5 
Human Health and Social Work Activities 6 1 
Arts, Entertainment and Recreation 3  
Other Service Activities 3 
 The information provided by the ONS can be compared with the survey results to show how 
representative the geographical distribution of responses are of the national working population. Table 
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9 provides a summary of this analysis and shows a much larger representation of London workers 
(within the M25) in the survey data than recorded nationally by the ONS. 
However, this analysis of how representative the survey data set is could well be confounded. The 
Office for National Statistics record information on the working population and not the population 
working in offices. Therefore, it may be the case this data might not provide a rigorous comparison. 
Better quality information for comparison is challenging to obtain. 
Table 9: Comparison between regions represented in survey sample and national working population. 
Location National / % Survey / % 
North East 3 2 
North West 9 5 
Yorkshire and the Humber 8 0 
East Midlands 7 1 
West Midlands 8 3 
East of England 11 1 
London 18 78 
South East 15 3 
South West 8 6 
Wales 3 0 
Scotland 7 1 
Northern Ireland 2 0 
Not all of the workplaces occupied by respondents to the survey had been surveyed by an accredited 
energy assessor and Energy Performance Certificate lodged. Table 10 describes the number and 
proportion of EPC Asset Ratings associated with survey responses. This table shows that most 
responses have been associated with EPC Asset Ratings between C and E. Only 27% of responses were 
associated with Asset Ratings out of this range, which is a limitation of this study. 
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Table 10: Number of EPC Asset Ratings associated with survey responses. 
EPC Asset Rating Survey / % Survey / n 
A 5 4 
B 11 8 
C 20 15 
D 23 17 
E 23 17 
F 11 8 
G 7 5 
 
4.3.2. Exploratory Data Analysis 
A box and whisker plot of the responses to the multi-item satisfaction scale is provided in Figure 13. 
The results show that the sample of occupiers were mostly highly satisfied with their workplace 
location, with the interquartile range of this item between 5 and 7, and a median of 6 on the 7 point 
Likert scale. However, median satisfaction with all other attributes of their workplaces was no higher 
than the mid-point (4). This indicates that within this sample those who make decisions to lease 
workplaces are more adept in locating their workforce in occupying highly satisfactory locations, rather 
than occupying high quality facilities. It may also indicate that providing high quality facilities is more 
challenging for organisations than addressing location requirements.  
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Figure 13: Respondents satisfaction with their workplace9. 
4.3.3. Internal Consistency 
The internal consistency of the satisfaction rating scale was determined by calculating Cronbach’s alpha 
coefficients from the survey results using SPSS (IBM, 2011). All incomplete records were omitted from 
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the test sample resulting in 80 records being tested. The tests are shown in Table 11. They show an 
overall Alpha coefficient of 0.916 for the satisfaction rating scale, with each item returning a Cronbach’s 
Alpha above 0.9. Gliem and Gliem assert that such alpha coefficients indicate that the satisfaction 
construct had “excellent” reliability as it was higher than 0.9 (Gliem & Gliem, 2003). It contends with 
the framework developed by Pinder which returned an Alpha coefficient of 0.93 (Pinder, et al., 2003). 
Table 11: Reliability of multi-item rating scale measuring respondent workplace satisfaction10. 
Item Cronbach’s Alpha Coefficient (n=80) 
Energy performance, as defined by label or certificate 0.907 
Property environmental performance, as defined by label or certificate 0.909 
Operational environmental impact 0.906 
Running costs 0.911 
Configuration 0.906 
Indoor environment 0.904 
Aesthetic appearance 0.906 
Occupant understanding of how the building operates 0.905 
Property managers understand workplace sustainability needs 0.906 
Functionality 0.905 
Location 0.929 
ALL ITEMS 0.916 
 
4.3.4. Criterion Related Validity 
In order to validate the three hypotheses proposed the significance of Spearman rank correlations were 
determined between the items of the workplace occupant satisfaction scale, EPC asset rating, and rental 
value. Using this analysis, the two-tailed probability of null hypotheses was determined. Table 12 shows 
the strength and significance of associations between the items of the satisfaction scale and EPC asset 
rating11. It shows a two-tailed probability of less than 5% that associations between all items of the 
                                                     
9 A box and whisker plot of all responses. A response of 1 = not at all satisfied, a response of 7 = entirely satisfied. The grey 
box indicates the interquartile range of responses. The vertical thick black line indicates the median response. The thin grey 
horizontal lines represent the full range of responses. Items are as defined in Table 11. 
10 n = number of observations. 
11 Note, in interpreting Table 12 responses to EPCs were scaled from 1=A+ to 8=G. Therefore, a negative correlation 
coefficient indicates a direct relationship. 
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satisfaction scale other than location are insignificant. This suggests that EPC asset ratings have been 
good indicators of holistic facility satisfaction with exception of satisfaction with location. 
Table 12 also shows the strength and significance of associations between the items of the satisfaction 
scale and rental value. The analysis found a two-tailed probability of less than 3% that associations 
between the aesthetic appearance of workplaces and rent are insignificant only. This suggests that many 
aspects of occupant satisfaction have had very little association with the rental value of workplaces. 
As a matter of interest, the strength and significance of associations between the items of the satisfaction 
scale and respondent age were also determined through analysing Spearman rank correlations. No 
significant associations were found. 
Table 12: Spearman rank correlations between multi-item scale measuring occupant satisfaction with their 
workplace and EPC Asset Rating, Rent, and Respondent Age12. 
Item EPC Asset 
Rating 
Rental Value Respondent Date 
of Birth 
n ρ n ρ n ρ 
Energy performance, as defined by label or certificate. 54 -0.447*** 48 0.034 73 0.052 
Property environmental performance, as defined by label or 
certificate. 
45 -0.496*** 39 0.037 59 -0.01 
Operational environmental impact. 57 -0.491*** 49 0.052 82 -0.005 
Running costs. 53 -0.558*** 49 -0.246 77 -0.031 
Configuration. 62 -0.372** 57 0.199 90 -0.103 
Indoor environment. 62 -0.323* 59 0.159 92 -0.114 
Aesthetic appearance. 60 -0.276* 56 0.302* 89 -0.19 
Occupant understanding of how the building operates. 57 -0.335* 55 0.088 83 -0.047 
Property managers understand workplace sustainability 
needs. 
58 -0.375** 52 -0.005 78 -0.012 
Functionality. 60 -0.269* 57 0.237 90 -0.132 
Location. 61 0.001 55 0.031 90 -0.015 
 
                                                     
12 n = number of observations; ρ = Spearman rank correlation coefficient; * = <0.05% two-tailed probability of a null 
hypothesis; ** = <0.01% chance of a null hypothesis; *** = <0.001% chance of a null hypothesis. 
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4.3.5. Exploratory Factor Analysis 
Exploratory factor analysis has been carried out as a means of validating the survey findings. Costello 
and Osborne write about best practice in exploratory factor analysis, and their discussion has served as 
the principal guide here (Costello & Osborne, 2005). 
Factor analysis, rather than principal component analysis, has been employed in this study. Principal 
component analysis does not discriminate between shared and unique variance. It is assumed that the 
data is not normally distributed. Therefore, ‘principal axis’ factor extraction has been deemed more 
appropriate method than ‘maximum likelihood’ factor extraction. By examining a scree plot of factor 
eigenvalues shown in Figure 14, it was determined that two factors were above the natural ‘break’ in 
the plot before the curve flattened out. Therefore, two factors were extracted. An explanation of the 
total variance described by each factor is shown in Table 13. A ‘Factor Matrix’ showing item loadings 
on each factor prior to rotation is shown in Table 14. 
 
Figure 14: Scree plot of multiple item rating scale factor eigenvalues 
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Table 13: Explanation of total variance using principal axis factoring. 
Factor Initial Eigenvalue Extraction Sums of Squared Loadings Rotation Sums of 
Squared Loadings 
Total % of Variance Cumulative % Total % of Variance Cumulative % Total 
1 6.191 56.284 56.284 5.867 53.337 53.337 5.216 
2 1.440 13.093 69.377 1.079 9.813 63.150 4.918 
3 0.788 7.165 76.541     
4 0.676 6.149 82.690     
5 0.534 4.858 87.548     
6 0.352 3.203 90.751     
7 0.288 2.619 93.370     
8 0.249 2.268 95.637     
9 0.205 1.866 97.503     
10 0.162 1.473 98.976     
11 0.113 1.024 100     
Following Costello and Osborne’s recommendations oblique rotation has been used rather than 
orthogonal rotation because it provides more valuable information, is more accurate and more 
reproducible (Costello & Osborne, 2005). Promax oblique rotation with Kaiser Normalisation was 
carried out in SPSS using a Kappa value of 4. The resulting pattern matrix, shown in Table 14, was then 
examined to determine how each item loaded onto the two factors after rotation. It is apparent from 
these results that the items loaded more strongly after rotation. 
Costello and Osborne also outline a number of tests to determine the strength of data used for analysis: 
 Uniformly high commonalities without cross loadings, ideally 0.8 or greater (the paper admits that 
such a requirement is in most cases unrealistic). If an item has a communality of less than 0.4 it 
may not be related to other items, or suggests an additional factor should be explored. 
 Items communalities are considered ‘high’ if they are all 0.8 or greater. 
 0.32 is a good rule of thumb for the minimum loading of an item. A ‘cross-loading’ item loads at 
0.32 or higher on two or more factors. Cross-loading factors may be dropped from the analysis, 
which may be a good choice if there are several adequate strong loaders on each factor. If there are 
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several cross-loading items the scale may be poorly written or the a priori factor structure could be 
flawed. 
 A factor with fewer than three items is generally weak or unstable. 5 or more strongly loading items 
(of 0.5 or better) is desirable and indicates a solid factor. 
Table 14 shows communalities in item extraction. All but one of the items in the satisfaction scale 
returned communalities on extraction between 0.49 and 0.81, which indicates that they are related to 
other items. However, the ‘location’ item is an exception with communality on extraction of 0.166. 
Therefore, in interpreting this analysis no inferences should be made from the character of the location 
item presented here. In future work an additional factor for location should be developed consisting of 
at least 4 items. 
By examining the pattern matrix of the oblique rotation, shown in Table 14, it can be inferred that the 
satisfaction item scale measures two factors: consumption; and utility. The item ‘occupant 
understanding of how the building operates’ is cross-loading and was removed from future uses of the 
satisfaction item scale. Table 15 describes the refined multi-item satisfaction scale, showing how each 
item loads on each factor.  
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Table 14: Communalities and Results of Oblique Rotation of Rating Scale13. 
Item Communalities Factor Matrix Pattern Matrix Structure Matrix 
Initial Extraction Factor 1 Factor 2 Factor 1 Factor 2 Factor 1 Factor 2 
Energy 
performance, as 
defined by label 
or certificate. 
0.801 0.786 0.776 -0.428 0.980F1 -0.150F1 0.880 0.505 
Property 
environmental 
performance, as 
defined by label 
or certificate. 
0.759 0.691 0.730 -0.398 0.915F1 -0.135F1 0.825 -0.477 
Operational 
environmental 
impact. 
0.716 0.762 0.794 -0.363 0.912 F1 0.060F1 0.872 0.549 
Running costs. 0.569 0.493 0.664 -0.228 0.672 F1 0.044 F1 0.701 0.493 
Configuration. 0.652 0.620 0.762 0.198 0.218F2 0.625 F2 0.635 0.771 
Indoor 
environment. 
0.709 0.715 0.795 0.288 0.129 F2 0.754 F2 0.632 0.840 
Aesthetic 
appearance. 
0.695 0.707 0.761 0.357 0.025 F2 0.824 F2 0.576 0.841 
Occupant 
understanding 
of how the 
building 
operates. 
0.694 0.602 0.775 0.042 0.413FX 0.437FX 0.705 0.713 
Property 
managers 
understand 
workplace 
sustainability 
needs. 
0.653 0.591 0.765 -0.073 0.546 F1 0.289 F1 0.738 0.653 
Functionality. 0.726 0.813 0.782 0.450 -0.073 F2 0.949 F2 0.561 0.9 
Location. 0.220a 0.166a 0.267 0.308 -0.211 F2 0.517 F2 0.134 0.376 
 
                                                     
13 F1 = Factor 1; F2 = Factor 2; FX = Cross loading. 
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Table 15: Summary matrix showing rotated loadings on each factor of the multiple item rating scale. 
Factor Item Workplace 
Consumption 
Workplace Utility 
Consumption Energy performance, as defined by label or certificate 0.980 -0.150 
Environmental performance, as defined by label or certificate 0.915 -0.135 
Operational environmental impact 0.912 -0.060 
Running costs 0.672 0.044 
Property managers understand workplace sustainability needs 0.546 0.289 
Utility Configuration 0.218 0.625 
Indoor environment 0.129 0.754 
Aesthetic appearance 0.025 0.824 
Functionality -0.073 0.949 
 
4.3.6. Differences between Sample Sub-Populations 
In order to establish norms an exploratory analysis was conducted of responses to the satisfaction item 
scale to investigate differences between sub-populations defined by the qualifying questions included 
in the survey. In all cases the test for significant differences between sub-populations was determined 
using Kruskal-Wallis tests to make multiple comparisons for each item in the satisfaction scale as 
independent samples. Table 16 and Table 17 show the findings: 
 A >95% two-tailed probability of a significant difference in how occupier satisfaction with their 
‘property managers understand(ing) of workplace sustainability needs’ depending on their 
contractual arrangements with landlords was observed. By examining the ranked means, 
greatest satisfaction was observed in owner-occupier arrangements, followed by sole-occupier, 
and multi-tenanted as the least satisfying arrangement. 
 A >95% two-tailed probability that occupant satisfaction with ‘property environmental 
performance, as defined by label or certificate’, ‘occupant understanding of how the building 
operates’, and ‘location’ are significantly different depending on whether the respondents 
organisation is working with their property manager to improve workplace sustainability was 
observed. The results also show a >99% probability that occupant satisfaction with ‘energy 
performance, as defined by label or certificate’, and ‘property managers understand workplace 
sustainability needs’ are significantly different depending on this qualifying variable. 
 The results show a >95% two-tailed probability that occupant satisfaction with ‘occupant 
understanding of how the building operates’, ‘functionality’, and ‘location’ are significantly 
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different depending on the number of employees in the respondents organisation. By examining 
the ranked means of the results it seems that satisfaction with workplace location has an inverse 
relationship with organisation size. 
 A >95% two-tailed probability that occupant satisfaction with ‘property environmental 
performance, as defined by label or certificate’, ‘running costs’, and ‘configuration’ are 
significantly different depending on the number of employees in the respondents workplace 
was observed. The results also show a >99% probability that occupant satisfaction with 
‘location’ is significantly different depending on this qualifying variable. Satisfaction with 
workplace location has an inverse relationship, and property environmental performance has a 
direct relationship with workplace size within this sample. 
 The results show a >95% two-tailed probability that occupant satisfaction with ‘location’ is 
significantly different depending on whether the respondents workplaces are the headquarters 
of their organisation. Respondents indicated reduced satisfaction when occupying the 
headquarters of an organisation. 
 It was found that there was no statistically significant difference between the sub-populations 
for any item on the scale depending on whether EPC asset ratings were collected from the 
survey responses, or from the Non-Domestic Energy Performance Register (LANDMARK 
INFORMATION GROUP, 2012). There was no statistically significant difference between 
sub-populations with or without an actor driving sustainability within respondent organisations 
for any item on the scale. The results show that there was no statistically significant difference 
between male and female sub-populations for any item on the scale. 
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Table 16: Significance of differences between responses to satisfaction scale in sub-populations of qualifying variables 
(Part 1)14. 
Item EPC Source Contractual 
Arrangement 
Working with 
Manager 
Driving Actor 
Chi-
Square 
df 2-p(p) Chi-
Square 
df 2-p(p) Chi-
Square 
df 2-p(p) Chi-
Square 
df 2-p(p) 
Energy 
performance, as 
defined by label 
or certificate. 
0.003 1 0.960 2.6 2 0.272 7.273 1 0.007** 2.688 2 0.261 
Property 
environmental 
performance, as 
defined by label 
or certificate. 
0.587 1 0.444 3.568 2 0.168 6.348 1 0.012* 3.545 2 0.170 
Operational 
environmental 
impact. 
0.006 1 0.936 0.925 2 0.630 2.725 1 0.099 2.584 2 0.275 
Running costs. 0.475 1 0.491 2.289 2 0.318 0.001 1 0.975 1.289 2 0.525 
Configuration. 1.254 1 0.263 3.840 2 0.147 1.811 1 0.178 1.174 2 0.556 
Indoor 
environment. 
0.677 1 0.411 2.154 2 0.341 1.083 1 0.298 1.774 2 0.412 
Aesthetic 
appearance. 
0.204 1 0.651 0.102 2 0.950 0.665 1 0.415 0.747 2 0.688 
Occupant 
understanding 
of how the 
building 
operates. 
0.009 1 0.923 1.495 2 0.474 4.126 1 0.042* 0.870 2 0.647 
                                                     
14 n = number of observations; df = degrees of freedom; 2-p(p) = two-tailed probability of null hypothesis that difference 
between samples is insignificant. 
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Item EPC Source Contractual 
Arrangement 
Working with 
Manager 
Driving Actor 
Chi-
Square 
df 2-p(p) Chi-
Square 
df 2-p(p) Chi-
Square 
df 2-p(p) Chi-
Square 
df 2-p(p) 
Property 
managers 
understand 
workplace 
sustainability 
needs. 
0.142 1 0.707 6.524 2 0.038* 9.037 1 0.003** 1.602 2 0.449 
Functionality. 0.000 1 1.000 4.317 2 0.115 2.142 1 0.143 0.148 2 0.929 
Location. 1.184 1 0.277 3.923 2 0.141 6.668 1 0.010* 0.241 2 0.887 
 
Table 17: Significance of differences between responses to satisfaction scale in sub-populations of qualifying variables 
(Part 2)15 
Item EPC Source Contractual 
Arrangement 
Working with 
Manager 
Driving Actor 
Chi-
Square 
df 2-
p(p) 
Chi-
Square 
df 2-p(p) Chi-
Square 
df 2-p(p) Chi-
Square 
df 2-p(p) 
Energy 
performance, as 
defined by label 
or certificate. 
0.926 1 0.336 4.342 4 0.362 6.080 4 0.193 2.670 1 0.102 
Property 
environmental 
performance, as 
defined by label 
or certificate. 
0.017 1 0.895 6.688 4 0.153 9.690 4 0.046* 2.378 1 0.123 
Operational 
environmental 
impact. 
2.875 1 0.090 4.026 4 0.402 8.848 4 0.065 0.001 1 0.981 
Running costs. 0.001 1 0.976 5.337 4 0.254 10.323 4 0.035* 1.330 1 0.249 
                                                     
15 n = number of observations; df = degrees of freedom; 2-p(p) = two-tailed probability of null hypothesis that difference 
between samples is insignificant. HQ = headquarters. 
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Item EPC Source Contractual 
Arrangement 
Working with 
Manager 
Driving Actor 
Chi-
Square 
df 2-
p(p) 
Chi-
Square 
df 2-p(p) Chi-
Square 
df 2-p(p) Chi-
Square 
df 2-p(p) 
Configuration. 0.606 1 0.436 4.980 4 0.289 10.274 4 0.036* 0.995 1 0.329 
Indoor 
environment. 
0.229 1 0.632 2.569 4 0.632 5.779 4 0.216 4.898 1 0.027* 
Aesthetic 
appearance. 
1.410 1 0.235 4.135 4 0.388 1.084 4 0.897 2.190 1 0.139 
Occupant 
understanding of 
how the building 
operates. 
1.102 1 0.294 11.643 4 0.020* 6.738 4 0.150 0.180 1 0.671 
Property 
managers 
understand 
workplace 
sustainability 
needs. 
3.389 1 0.066 5.665 4 0.226 7.368 4 0.118 0.233 1 0.629 
Functionality. 0.031 1 0.859 10.661 4 0.031* 6.050 4 0.195 0.374 1 0.541 
Location. 3.384 1 0.066 10.434 4 0.034* 14.808 4 0.005** 5.290 1 0.021* 
 
4.3.7. The Relationship between EPC Asset Rating and Occupant Satisfaction 
The responses to the refined multi-item satisfaction scale can then be compared with EPC asset ratings 
to determine their relationship within the sample. The resulting graph is shown in Figure 15. It is 
important to note than when making inferences from this box and whisker plot that 79% of these 
responses were associated with an EPC Asset Ratings between C and E. However, this does provide 
tentative evidence of a trend for buildings exhibiting relatively favourable EPCs to be more satisfying 
for occupants. 
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Figure 15: Relationship between total satisfaction and facility EPC asset rating16. 
 
                                                     
16 A box and whisker plot of all complete responses to the refined scale. Higher scores indicate greater satisfaction. The grey 
box indicates the interquartile range of responses. The vertical thick black line indicates the median response. The thin 
horizontal line indicates the full range of responses. The dashed line is a trend line of best fit. 
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5. Futures for Systems Supporting Building Energy 
Performance in the UK 
5.1. Introduction 
When investing in risky assets with relatively long useful lives it is necessary to assess quality within a 
challenging and plausible context of what could happen in the future. This is because only a small 
proportion of total investment returns will be accrued within a short instance of asset acquisition. 
Therefore, when evaluating the benefits of building energy performance to real estate it is necessary to 
make a rigorous assessment of the costs of consumption. This study identifies critical driving forces of 
change in effecting expectations for the energy performance of UK property and quantifies plausible, 
explorative descriptions that test the extents of system constraints towards 2050. The 40-year outlook 
allows for a reasonable period of opportunity for significant system wide change and allows for the 
possibility of system-wide decarbonisation (Jaffe, et al., 1999). Through applying these scenarios to 
evaluate property resilience to plausible system change a credible assessment systematic risk to building 
energy performance can be made. 
This chapter describes the definition of pivotal uncertainties surrounding the future demands of society 
in Section 5.3. The development of internally consistent explorative climate factors and energy system 
scenarios towards 2050, limited only by plausible supply constraints, is discussed in Section 5.4. 
Quantitative descriptions of these scenarios are then provided in Section 5.5, which finishes with a high 
level sweeping evaluation of strategic options for the entire UK energy system. 
 
5.2. Design of Exploratory Scenarios 
As with the development of all explorative scenarios, this research is most closely aligned with a 
constructivist approach to research. It does not intend to set out generalisable, absolute truths, but 
instead to provide a plausible framework to develop resources within organisations. The goal is to 
provide insights that allow for more considered decision-making in light of an outlook of irreducible 
uncertainty. 
The scenarios have been developed through stating the studies aims and objectives in Section 5.2.1, 
outlining the methodology in Section 5.2.2, identifying the driving forces in Section 5.3, and a process 
of scenario building in Section 5.4. 
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5.2.1. Aim and Objectives 
Aim 2: Explore plausible descriptions of systems supporting building energy performance in the UK 
towards 2050 for the UK. 
Foresight provides a step-by-step guide to create descriptions of explorative scenarios and consider their 
implications, a procedure adopted by Parkinson et al (Foresight, 2008; Parkinson, et al., 2012). This 
study follows this guidance, although seeks to develop alternative quantitative descriptions. Therefore, 
the objectives of this study follow a similar vein. 
Objective 1: Explore uncertainties to identify a critical combination of driving forces of change. 
Objective 2: Synthesise a scenario framework by identifying internally consistent methods for testing 
the extents of supply side constraints. Analyse all scenario end-states and identify those that reflect 
plausible extreme conditions. Produce back-cast, quantitative descriptions of system development in 
each explorative scenario. 
Objective 3: Consider the implications of the scenarios by identifying strategies for the development 
of the UK energy system that appear particularly strong and/or weak and the critical strategic decisions 
that will have pivotal effects in achieving UK policy aims. 
 
5.2.2. Methodology 
This study employs an iterative methodology for which the initial stages are discussed in this research. 
It is principally organised into three stages: identification of driving forces, discussed in Section 5.3; 
scenario building, discussed in Section 5.4; and a cross scenario analysis, described in Section 5.5.4. 
Any post-doctoral work arising from this research should involve a continual evaluation of the 
suitability of the drivers identified to assess whether re-orientation is required. A schematic of the 
methodology is provided in Figure 16. 
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Figure 16: Study 2 research methodology. 
 
5.3. Identifying the Driving Forces 
This study took a qualitative approach to triangulate a critical combination of driving forces for 
uncertainty in the management of energy performance. Initially, an empirical study carried out a survey 
of drivers followed by a structured workshop to gather perspectives of advisors and practitioners. This 
approach is in line with explorative scenario development as described by Ralston and Wilson 2006 
and Chermack 2011, for example (Ralston & Wilson, 2006; Chermack, 2011). Dr Theo Hacking was 
responsible for the design and management of this initial empirical scenario development. The 
outcomes have been used here to further develop quantitative descriptions. 
Many insights were gained from the empirical study of drivers. However, it became apparent that the 
resulting scenario framework was not readily quantifiable, nor did it seem adequately to consider the 
independence of national systems from what might happen internationally. Therefore, further 
refinement of the scenario framework was made through literature review. 
 
5.3.1. Empirical Development 
Parkinson et al. developed explorative scenarios for the energy management of UK property empirically 
through a combination of a widespread survey and stakeholder workshops. A description of their 
methods and analysis in developing axes of driving forces follows which provides a useful exploration 
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of the issue from the perspectives of advisors and practitioners (Parkinson, et al., 2012). Much of the 
research design, primary data collection and workshop facilitation that contributed to this part of the 
scenarios development were principally carried out by Dr Theo Hacking for the Cambridge Centre for 
Energy Studies. The corresponding author of the publication was not present at the particular workshops 
discussed here. 
The empirical study by Parkinson et al. implemented a purposive sampling method throughout, in which 
experts across disciplines in the field of the energy management of buildings were surveyed and 
participated in workshops to identify axes of critical uncertainties. Such a sampling method is advocated 
by: Lindgren and Bandhold, who suggest a participation model, where “… a group from the 
organisation… (are joined by) external facilitators, and even workshop members” (Lindgren & 
Bandhold, 2003); Chermack who suggests the following structure of a scenario team “Project Leader, 
Team Members, Coordinators, Remarkable People (coming from a diverse set of backgrounds outside 
the organisation with a known ability to think unconventionally), Others” (Chermack, 2011); Ralston 
and Wilson, who assert that an effective scenario team should require “diverse viewpoints, various 
kinds of expertise, personal and communication skills... (from) a group of eight to twelve people… to 
represent, at least by proxy, differing points of view held by key executives” (Ralston & Wilson, 2006). 
Parkinson et al. acknowledged that the future will be shaped by many driving forces. Some of these will 
have considerable influence (high impact), whereas others will only result in minor changes to the status 
quo (low impact). Furthermore, the characteristics of certain driving forces can be predicted with a high 
degree of certainty, whereas others are subject to considerable uncertainty. 
To initiate scenario building, a questionnaire was sent out in July 2009 to a broad spectrum of 
stakeholders in the property sector to collect a diverse range of leading viewpoints on uncertainty in the 
energy management of property. Respondents were asked to: 
 Identify the key driving forces that they believe could cause considerable variation to energy 
management in buildings and/or property developments up to 2050. To catalyse the respondents’ 
thinking five set examples of driving forces were provided, which they were also asked to rate. 
 Rate (on a scale of 1-5) the magnitude of their potential impact and their degree of uncertainty. 
 State to which part of the world their chosen driving forces mostly apply. 
To capture a broad range of perspectives, the questionnaire was distributed in the following two ways: 
 As a document sent by email to existing databases of approximately 300 contacts. 
 As a publicly accessible online survey, posted on the websites of the following organisations: 
Cambridge Centre for Energy Studies, Natural Capital Initiative and Institute of Biology. 
70 responses were received, mostly from business and industry, and academic and advisory institutions. 
The respondents submitted nearly 250 potential driving forces, summarised in Table 18. Appendix 5 
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provides details of the survey respondents and date of distribution. These responses were consolidated 
by: assigning them to one of the five STEEP (social, technological, economic, environmental and 
political) categories employed by Arup (Arup, 2009); grouping them into closely related themes; and 
recording the number of ratings under each theme that fell within the four ‘impact and uncertainty’ 
groupings proposed by the Futures Academy (Ratcliffe & McIntosh, 2001), namely: 
 Context shapers (low uncertainty + low impact): shape the future context, but not in a dramatic 
way. 
 Significant trends (low uncertainty + high impact): likely to have significant impacts which can 
be anticipated with a high degree of certainty. 
 Potential ‘jokers’ (high uncertainty + low impact): unpredictable, but unlikely to have significant 
impacts.  
 Pivotal/critical uncertainties (high uncertainty + high impact): could have significant impacts, but 
how they might play out is unpredictable. 
Pivotal/critical uncertainties dominate, since the respondents were specifically asked to identify driving 
forces that could cause considerable variation. The five set examples were most strongly endorsed in 
this category, although they could have received a disproportionate amount of attention, being visible 
to all the respondents. 
In a cross-disciplinary workshop, 29 driving forces were extracted to provide the point of departure for 
the scenario building. In a second workshop this was further reduced to eleven major clusters of driving 
forces (see Table 18 and Table 19). This short-list was based on: the questionnaire responses; the seven 
identified major clusters used by Foresight (Foresight, 2008); and a scan of relevant issues that feature 
prominently in the futures literature, including the drivers of change produced by the Arup Foresight 
Team (Arup, 2009). Details of the date of the workshop and a list of participants can be found in 
Appendix 6. 
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Table 18: Consolidated summary of energy management questionnaire responses (Parkinson, et al., 2012). 
 
Key trends and drivers Number of responses 
Uncertainty/Impact Low/Low Low/High High/Low High/High 
S
o
ci
a
l 
1. Behaviour/ attitudes/values 
    
Future attitudes concerning consumerism and/or profligate 
use of energy* 
3 4 2 30 
Behavioural change, ethical concerns 1 2  7 
2. Demographic changes 
    
Population growth  3 1 5 
Movement of people  3  4 
Ageing population  2  2 
3. Change in living/working patterns 
    
Remote/home working   1 2 
T
ec
h
n
o
lo
g
ic
a
l 
4. Availability of (decarbonised) energy 
    
Availability of decarbonised energy* 1 8 3 27 
Development/availability of new technologies for supply of 
energy  
   6 
Availability of nuclear energy    3 
Local energy generation   2  4 
Energy supply grids   1  1 
5. Innovation: Demand reduction 
    
Technological advancements in materials/processes   2  4 
Developments in existing technologies    1 2 
6. Other (not sufficiently relevant to energy management 
in UK buildings)     
Development path of developing countries     1 
Availability of sustainable transport/travel 
 
1 2  2 
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Key trends and drivers Number of responses 
Uncertainty/Impact Low/Low Low/High High/Low High/High 
E
co
n
o
m
ic
 
7. Economic structure and performance 
    
Slump in global economy, re-establishing expectations    4 
Shifts in economic power/zones/supply chains   1  2 
8. Investment/ funding for energy efficiency 
 1  6 
9. Cost of energy 
    
Energy prices* 5 11 0 23 
Cost/ availability of fossil fuels    1 
E
n
v
ir
o
n
m
en
ta
l 
10. Extent of climate change and its consequences  
 1 1 11 
Rise in seasonal temperatures due to climate change* 5 6 9 19 
11. Other (not sufficiently relevant to energy management 
in UK buildings)     
Environmental changes; ecosystems, new diseases  1  2 
Availability of natural resources; water, raw materials    5 
P
o
li
ti
ca
l/
P
o
li
cy
 
12. Strength of policy response 
    
Legislation for energy efficiency  1  2 16 
Political will to address climate change/energy efficiency      4 
Carbon price/tax/rations  2 5  
Security of energy supply  1 2  4 
Development and enforcement of financial incentives   2  5 
Accountability for carbon footprint  1  4 
Education to achieve requisite skills/behaviour changes 1 3  3 
13. Degree of global collaboration 
    
Global agreement(s) on cuts in GHG emissions* 1 9 3 26 
International collaboration concerning climate change/energy  2  2 
Global political stability     4 
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Table 19: Major clusters of driving forces (Parkinson, et al., 2012). 
Categories used for this project Categories used by Foresight (2008c:8) 
Behaviour/attitudes/values Public attitudes 
Demographic changes Demographic change 
Change in living/working patterns  
Availability of (decarbonised) energy 
Infrastructure;  Technology and materials 
Innovation in demand reduction 
Economic structure and performance 
The economy (market forces) Investment/funding for energy efficiency 
Cost of energy 
Extent of climate change and its consequences  Climate change and the environment 
Strength of policy response 
The political framework 
Degree of global collaboration 
A popular approach to scenario building is to identify the two most critical/pivotal uncertainties which 
are not closely correlated to form axes around which to develop a matrix of four contrasting views of 
the future based on different combinations of these two uncertainties. This deductive approach is 
sometimes called the ‘Shell/GBN technique’, since it was developed and then popularised by scenario 
planners at Royal Dutch Shell and the Global Business Network (GBN) (Bishop, et al., 2007). This 
matrix approach was also used for the SEMBE project (Foresight, 2008). 
Figure 17 shows the selections made by each of four break-out groups at the workshop, determined 
through ranking uncertainties by degree of uncertainty and impact, before selecting from the results 
pivotal uncertainties that provide greatest challenge. There were many similarities between the axes 
chosen by the four groups. Following discussions in plenary, the participants selected: cost/availability 
of energy; and societal attitudes/values towards sustainability in general, and climate change in 
particular. The axes are shown in Figure 18 and encompass a broad spectrum of futures. Nevertheless, 
there is a reasonable degree of synergy between these axes choices and the critical uncertainties that 
other organisations have selected to develop their scenarios. Both the International Energy Agency and 
Futures Academy: Europe selected axes that are essentially very similar to ‘social attitudes/values 
towards sustainability’ (International Energy Agency, 2003; Ratcliffe, et al., 2009). Furthermore, the 
workshop participants felt that ‘policy response’ is a manifestation of societal attitudes/values in 
democratic societies, although there could be some lag. 
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Figure 17: Exploration of critical uncertainties selected by groups at the first workshop. 
 
GROUP 1 
Tactical: 
Dispersed decision 
making 
Strategic: 
Coherence 
between strategies 
Care 
GROUP 2 
Progressive behaviour: 
Thinking collectively, sharing 
GROUP 4 
Low price of 
energy 
High price of 
energy 
High moral values 
Low moral values: 
Self interest 
GROUP 3 
High price of 
energy 
Low price of 
energy 
High response to 
climate change 
Low response to 
climate change 
Low availability: 
Resources 
High availability: 
Resources 
Regressive: 
Every man for himself 
Don’t care 
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Figure 18: The final intersecting axes of uncertainty that defines four explorative scenarios developed empirically. 
 
5.3.2. Further Definitions 
In attempting to develop quantitative descriptions of the scenario axes developed empirically by 
Parkinson et al. it became clear that there were two fundamental problems: 
 The axes did not differentiate between the international and national dimensions of the 
uncertainties identified. 
 The axes titles require further refinement to allow for quantification. 
Table 18 clearly shows a high number of responses indicating that “rise in seasonal temperatures due 
to climate change” and “global agreement(s) on cuts in GHG emissions” were critical and highly cited 
uncertainties. The atmosphere is a common environmental sink. Its future development is contingent 
upon global aggregate economic activity and consequential greenhouse gas emissions. This is largely 
external to the response of any single nation (Interagency Working Group on Social Cost of Carbon, 
United States Government, 2013). Therefore, for the purpose of this study the future development of 
climate change is considered as an additional factor, for which the entire range of national energy 
management scenarios also applies. It considers an additional plausible accounting extreme of 
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development defined as continual development with no additional policies to mitigate climate change, 
known as ‘baseline climate change’. It can be noted here that if one assumes that climate change is 
currently an accounting externality a ‘no climate change’ factor would represent the current accounting 
status quo, for which an opportunity for arbitrage exists through internalising an additional ‘baseline 
climate change’ factor. 
The UK’s energy system could develop quite independently from that of the rest of the world. Given 
that the UK can be considered a democratic nation it can be assumed that both private and public 
institutions attempt to allocate resources so that the energy system efficiently and securely delivers a 
quality of service that satisfactorily meets resident demands (Dasgupta, 2001). In such a case, the 
development of service “price and availability”, a critical uncertainty identified through the workshops 
(see Figure 18), would largely be dependent on residents preferences for the services provided by the 
national energy system as well as the costs of investment (Burns & Riechmann, 2004). The UK’s policy 
on energy requires performance of the national energy system to be assessed in both values of energy 
and global warming potential. The Government’s recently published Carbon Plan explicitly states the 
following objectives for national energy policy: “achieving the first four carbon budgets”, requiring the 
use of units of greenhouse gas emissions; “maintaining energy security”, requiring the use of units of 
power and energy; and “minimising cost to consumers”, requiring the use of units of energy 
(Department of Energy and Climate Change, 2011). This plurality in performance measurement 
provides a clear indication of how to refine the critical uncertainty “attitudes towards sustainability and 
climate change in particular” identified empirically (see Figure 18), for which an entire focus on an 
‘energy preference’ or ‘emissions preference’ forms the two extremes. The consideration of a power 
preference as a critical uncertainty has been externalised as an uncertainty more relevant to energy 
supply than energy demand. This is reflected in the results of the driver survey (Table 18) and the axes 
developed in first workshop (Figure 18) which appears to be predominantly focussed on consumption. 
A refined and quantifiable scenario axes of critical uncertainties was thus translated for the future of 
systems that support the energy performance of the built environment. A diagram describing the 
translation in developing the resulting axes is shown in Figure 19. Such axes are temporally and 
contextually dependent, and should be continually re-evaluated when analysing alternative contexts and 
time-periods to those studied here. 
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Figure 19: Translation between the axes developed empirically and the result of further definition. 
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5.4. Scenario Building 
To initiate the building of a scenario framework this study first addressed the issue of setting an 
appropriate social discount rate that adequately reflected the UK context. The study then addressed 
expectations for the climate and energy systems independently, as two distinct systems treated with 
common social discounting of future consumption. For each of these systems, appropriate tools are 
identified that allow for the testing of supply constraints and the consequential development of 
descriptions of each factor and explorative scenario. 
 
5.4.1. Social Discount Rate 
In order to evaluate the scenarios consistently and appropriately it is necessary to impose a common 
social rate of time preference, or social discount rate, when evaluating across all scenarios. Such a 
decision has important ethical considerations and is quite political in nature. Therefore, this study makes 
reference to empirical findings from HM Treasury and particularly Evans’ observations to specify 
elasticity of marginal utility with respect to consumption and pure rate of time preference for the UK 
(HM Treasury, 2003; Evans, 2005). The input expectations are shown in Table 20. By employing 
Equation 2 an annual social discount rate of 3.8% is found to be appropriate for future consumption.  
Table 20: Input parameters and calculation of social rate of time preference to discount future consumption in the 
UK. 
Variable Denotation Expectation 
Elasticity of marginal utility with respect to 
consumption 
𝜂 1.4 
Growth rate 𝐺 0.02 
Pure rate of time preference 𝛿 0.01 
Social rate of time preference 𝑠 0.038 
 
5.4.2. Building the Factors: The Climate 
The driver identification exercise identified conditions for the climate that allow for two accounting 
factors for the state of this common international system, ‘No Climate Change’ and ‘Baseline Climate 
Change’. Both of these factors require descriptions of future climate conditions and an associated ‘social 
cost of carbon’ (SCC) which reflects the social cost of the damage made to the atmosphere through 
greenhouse gas emissions. In doing so, this study places the responsibility for global emissions on the 
end consumer. This is in line with recommendations in the practice of accounting for ecological 
footprints as described by Rees and Wackernagel (Rees & Wackernagel, 1994; Wackernagel & Rees, 
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1996). Developing descriptions of the ‘No Climate Change’ factor is relatively straight-forward and 
requires only an extrapolation of present day accounting at consumption with a continual social cost of 
carbon of zero. However, developing a ‘Baseline Climate Change’ factor is more challenging and 
requires a review of recent advances in integrated assessment that provide a cost-benefit analysis for 
policy based upon complex coupled socio-economic and atmospheric models. 
The modelling efforts of the Stanford Energy Modelling Forum (EMF-22) are considered as state of the 
art in developing ‘business as usual’ baseline scenarios for use in integrated assessment for SCC 
estimation. They can be considered as preferable to the highly scrutinised IPCC SRES scenarios 
developed in 1997. The EMF-22 models are more recent, are internally consistent, peer-reviewed, 
published and publicly available (Caeser, 2010; Greenstone, et al., 2011; Hope, 2011). The 
Intergovernmental Panel for Climate Change illustrate how the SRES A1B scenario is a reasonably 
close match to the highest emission RCP scenario presently considered plausible for projections of 
radiative forcing towards 2050. Therefore, the ‘medium’ set of UKCP09 weather files have been used 
as estimates for baseline future weather conditions, to be consistent with the IPCC’s Fifth Assessment 
Report (Intergovernmental Panel on Climate Change, 2014). 
 
5.4.3. Building the Scenarios: The UK Energy System 
There were no accounting scenarios of the UK energy system that could be adopted as suitable 
descriptions for the axes of uncertainty developed. Therefore, it was necessary to explore the entire 
morphology of pathways, identifying the limits of technological knowledge and supply input 
expectations. In doing so, new descriptions were created that represent the most challenging 
plausibility’s of the axes. 
This research identified the DECC 2050 Pathways Calculator as a suitable tool, available online as a 
Microsoft Excel workbook. A screenshot of the sister web-tool is shown in Figure 20. The DECC 2050 
Pathways Calculator is an open-source accounting framework for the UK energy system developed by 
the Department of Energy and Climate Change. It is capable of producing back-cast, quantitative 
pathways for a broad combination of plausible intervention trajectories towards 2050 in an internally 
consistent manner. A level 1 trajectory represents little or no effort, whilst a level 4 trajectory represents 
ambitious change pushing towards the physical or technical limits of what can be achieved. One 
condition of the calculator is that it ensures no shortage of energy supply by deploying gas fired power 
stations to make up shortfalls and that excess energy surpluses are exported (Department of Energy and 
Climate Change, 2012). 
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Figure 20: Screenshot of the DECC 2050 Pathways Calculator (Department of Energy and Climate Change, 2012) 
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The DECC 2050 Pathways Calculator is non-linear with a number of interdependencies and thus is 
challenging to solve for the various scenario conditions without running all significant iterations. The 
implication of this is that a simpler calculator was required with the ability to process in parallel so that 
a meaningful analysis could be made. This was achieved through rationalising variables and translating 
the calculator into a new format for rapid parallel processing. 
Significant variables were selected on the basis of a differential sensitivity analysis, summarised in 
Table 21, Table 22 and Table 23. The analysis focussed specifically on energy sensitivities, rather than 
power or emissions. The differential sensitivity analysis split the supply and demand side variables so 
that they were analysed separately. A significant load was indicated by it representing more than 5% of 
total energy supply or demand when varied in isolation. A significant intervention was indicated by a 
differential sensitivity of at least 8% when compared with other supply or demand interventions. 
It was deemed critically important to consider the technologies or fuels used to serve significant supply 
or demand loads identified through the differential sensitivity analysis. When analysing such a complex 
system it is important to note that such variables may have significant impacts when analysing the 
system in combination. Therefore, a number of variables were translated into the rapid calculator even 
though they had no direct impact on energy supply or demand when tested as an individual element of 
the energy system. In Table 21, Table 22 and Table 23 these ‘technology/fuel’ variables are shown as 
having a differential sensitivity that is ‘not applicable’ along with a note of a ‘significant load’. 
The resulting 14 parameters constituted the independent variables adopted by the rapid calculator, with 
others untested. The parameter ‘types of fuels from biomass’ was cost-optimised, as it was expected 
that such activity would be price sensitive with the potential for exporting surpluses. A summary of the 
independent variables (parameters) is provided in Table 24, along with a description of each trajectory 
consistent with the DECC 2050 Pathways Calculator. 
The rapid calculator was checked for consistency through running sweeps of each parameter and 
checked for validity by comparing the outputs of 16 random test cases with the DECC Calculator. The 
comparison between the outputs from the test cases is summarised in Table 25 and shows identical 
behaviour in both estimation of ‘Total Amortised Cost’ and ‘Annual Emissions in 2050’. This provides 
some assurance that the rapid calculator is an accurate reflection of the DECC 2050 Pathways 
Calculator.   
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Table 21: Results summary of the differential sensitivity analysis for supply variables. 
Intervention 
Trajectory 1 / 
TWhyr-
1(2050) 
Trajectory 
4 / TWhyr-1 
(2050) 
Differential 
Sensitivity / 
TWhyr-1 Notes 
Nuclear power stations 0 1025 1025* Significant differential sensitivity 
CCS power stations 11 552 541* Significant differential sensitivity 
CCS power station fuel 
mix 
NA NA NA Significant differential sensitivity 
Offshore wind 0 929 929* Significant differential sensitivity 
Onshore wind 0 132 132  
Wave 0 71   
Tidal Stream 0 68   
Tidal Range 0 38.6   
Biomass power stations 5 168 163  
Solar panels for electricity 0 140 140  
Solar panels for hot water 0 116 116  
Geothermal electricity 0 35 35  
Hydroelectric power 
stations 
5 13 8  
Small-scale wind 0 9 9  
Electricity imports 0 140 140  
Land dedicated to bio-
energy 
17 398 381* Significant differential sensitivity 
Livestock and their 
management 
37 125 88  
Volume of waste and 
recycling 
55 30 -25  
Marine algae 0 46 46  
Type of fuels from 
biomass 
NA NA NA Significant differential sensitivity 
Bio-energy imports 0 266 266  
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Table 22: Results summary of the differential sensitivity analysis for demand variables. 
Intervention 
Trajectory 1 
/ TWhyr-
1(2050) 
Trajectory 4 
/ TWhyr-1 
(2050) 
Differential 
Sensitivity / 
TWhyr-1 Notes 
Domestic passenger 
transport 
NA NA NA  
Domestic transport 
behaviour 
233* 175 -58 Significant load (Level 1 car and van tech, 
level 1 shift to zero emission transport) 
Shift to zero emission 
transport 
NA NA NA Significant load 
Choice of car and van 
technology 
105 141 36 (Level 4 shift to zero emission transport) 
Domestic freight 154* 65 -89 Significant load 
International aviation 189* 131 -58 Significant load 
International shipping 130* 29 -101 Significant load 
Domestic space heating 
and hot water 
NA NA NA  
Average temperature of 
homes 
579* 261 -318* Significant differential sensitivity and 
significant load 
Home insulation 579* 467 -112 Significant load 
Home heating 
electrification 
NA NA NA Significant load 
Home heating that isn't 
electric 
NA NA NA Significant load 
Home lighting & 
appliances 
111 49 -62  
Electrification of home 
cooking 
NA NA NA  
Growth in industry 794* 251 -543* Significant differential sensitivity and load 
Energy intensity of 
industry 
NA NA NA Significant load 
Commercial demand for 
heating and cooling 
173* 82 -91 Significant load 
Commercial heating 
electrification 
NA NA NA  
An Exploration of Building Energy Performance and Financial Value with Demonstration on UK Offices 
Page 88 
Intervention 
Trajectory 1 
/ TWhyr-
1(2050) 
Trajectory 4 
/ TWhyr-1 
(2050) 
Differential 
Sensitivity / 
TWhyr-1 Notes 
Commercial heating that 
isn't electric 
NA NA NA  
Commercial lighting & 
appliances 
101 58 -43  
Electrification of 
commercial cooking 
NA NA NA  
 
Table 23: Results summary of the differential sensitivity analysis for other variables. 
Intervention 
Trajectory 1 
/ TWhyr-
1(2050) 
Trajectory 4 
/ TWhyr-1 
(2050) 
Differential 
Sensitivity / 
TWhyr-1 Notes 
Geosequestration NA NA NA  
Storage, demand shifting 
& interconnection 
NA NA NA Significant load 
Indigenous fossil-fuel 
production 
NA NA NA NA 
 
Table 24: Summary of trajectories for each independent variable of the rapid calculator. 
(Code) Parameter Trajectory 1 Trajectory 2 Trajectory 3 Trajectory 4 
(A) Nuclear power 
stations 
No new nuclear 
power installed; 
estimated closure of 
final plant in 2035 
~13 3GW power 
stations delivering 
~280 TWhyr-1 
~30 3GW power 
stations delivering 
~630 TWhyr-1 
~50 3GW power 
stations delivering 
~1030 TWhyr-1 
(B) CCS power 
stations 
Demonstration plants 
only; no roll-out of 
CCS 
~240 TWhyr-1 from 
25-40 CCS power 
stations; comparable 
to current gas & coal 
generation 
~340 TWhyr-1 from 
35-60 CCS power 
stations; comparable 
to total current 
demand 
~510 TWhyr-1  from 
50-90 CCS power 
stations; build rate of 
gas plants in the 
1990s 
(C) CCS power 
station fuel mix 
100% coal/biomass, 
0% gas/biogas CCS 
after demonstration 
plants 
66% coal/biomass, 
33% gas/biogas CCS 
after demonstration 
plants 
33% coal/biomass, 
66% gas/biogas CCS 
after demonstration 
plants 
0% coal/biomass, 
100% gas/biogas 
CCS after 
demonstration plants 
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(Code) Parameter Trajectory 1 Trajectory 2 Trajectory 3 Trajectory 4 
(D) Offshore wind ~1,400 turbines in 
2025, reducing to 
zero as 
decommissioned sites 
are not replanted 
~10,000 turbines in 
2050, delivering 
~180 TWhyr-1 
~17,000 turbines in 
2050, delivering 
~310 TWhyr-1 
~40,000 turbines in 
2050, delivering 
~430 TWhyr-1 
(E) Land dedicated to 
bio-energy 
Energy crops and 
food production 
similar to today 
5% of land used for 
energy crops 
10% of land used for 
energy crops 
17% of land used for 
energy crops 
(F) Shift to zero 
emission transport 
By 2050, 20% plug in 
hybrid electric cars; 
2.5% zero emission 
cars 
By 2050, 54% plug-
in hybrid vehicles; 
11%  zero emission 
vehicles, all buses 
hybrids 
By 2050, 32% plug-
in hybrid vehicles; 
48% zero emission 
vehicles; 22% buses 
electric 
By 2050 100%  zero 
emission vehicles; all 
passenger trains 
electrified; 50% bus 
electrified 
(G) Average 
temperature of homes 
Average room 
temperature increases 
to 20°C (a 2.5°C 
increase on 2007) 
Average room 
temperature increases 
to 18°C (a 0.5°C 
increase on 2007) 
Average room 
temperature 
decreases to 17°C (a 
0.5°C decrease on 
2007) 
Average room 
temperature 
decreases to 16°C (a 
1.5°C decrease on 
2007) 
(H) Home heating 
electrification 
The proportion of 
domestic heat 
supplied using 
electricity is 0-10%, 
as today 
The proportion of 
new domestic heating 
systems using 
electricity is 20% 
The proportion of 
new domestic heating 
systems supplied 
using electricity is 
30-60% 
The proportion of 
new domestic heating 
systems supplied 
using electricity is 
80-100% 
(I) Home heating that 
isn't electric 
The dominant non-
electric heat source is 
gas or gas CHP 
(biogas if available) 
The dominant non-
electric heat source is 
coal or coal CHP 
(biomass if available) 
The dominant non-
electric heat source is 
waste heat from 
power stations 
A mixture of 
gas/biogas; 
coal/biomass; and 
heat from power 
stations 
(J) Growth in 
industry 
UK industry output 
more than doubles by 
2050 
UK industry grows in 
line with current 
trends 
UK industry output 
falls 30-40% by 2050 
NA 
(K) Energy intensity 
of industry 
No electrification of 
processes, little 
improvement in 
energy intensity 
Some processes 
electrified; moderate 
improvements in 
process emissions 
and energy demand 
High electrification; 
CCS captures 48% of 
emissions; process 
emissions reduced 
NA 
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(Code) Parameter Trajectory 1 Trajectory 2 Trajectory 3 Trajectory 4 
(L) Commercial 
heating electrification 
The proportion of 
non-domestic heat 
supplied using 
electricity is 0-10%, 
as today 
The proportion of 
non-domestic heat 
supplied using 
electricity is 20% 
The proportion of 
non-domestic heat 
supplied using 
electricity is 30-60 
The proportion of 
non-domestic heat 
supplied using 
electricity is 80-
100% 
(M) Commercial 
heating that isn't 
electric 
The dominant non-
electric heat source is 
gas or gas CHP 
(biogas if available) 
The dominant non-
electric heat source is 
coal or coal CHP 
(biomass if available) 
The dominant non-
electric heat source is 
heat from power 
stations 
A mixture of 
gas/biogas, 
coal/biomass, and 
heat from power 
stations 
(N) Storage, demand 
shifting & 
interconnection 
Today’s 3.5 GW 
storage & 4 GW 
interconnection with 
Europe for balancing 
4 GW storage & 10 
GW interconnection 
with Europe for 
balancing 
7 GW storage with 2 
more pumped 
storage, 15 GW 
interconnection & 
some demand 
shifting 
20 GW storage with 
large lagoons, 30 GW 
interconnection & 
substantial demand 
shifting 
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Table 25: Summary comparison of rapid and DECC calculator output. 
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5.5. Results and Analysis 
Through implementing the scenarios framework it was possible to develop a time-series of quantitative, 
internally consistent descriptions for each factor and scenario. The descriptions follow, along with a 
synthesis of prices and emission intensities of delivered energy sources. Finally, cross-case comparisons 
are made from the findings to gain some initial strategic insights. 
 
5.5.1. The Climate Factors 
The climatic system reflects future global stewardship of the commons, as well as the extent of current 
scientific understanding. Both scenario families employ UKCP09 weather data. The ‘No Climate 
Change’ factor reflects accounting methods that externalise future climate change. The ‘Baseline 
Climate Change’ factor reflects scientist’s best estimates of an unconstrained trajectory for climate 
change in which no further policies are implemented to mitigate greenhouse gas emissions. 
 
No Climate Change 
The ‘No Climate Change’ factor reflects accounting methods that externalise future climate change. 
Therefore, negligible social cost is associated with greenhouse gas emissions. Future climatic conditions 
remain largely unchanged from those experienced at present. UKCP09 weather files for 2010 are used 
throughout the time series for this scenario family (Eames, et al., 2010). 
 
Baseline Climate Change 
The ‘Baseline Climate Change’ factor reflects current scientific knowledge of ‘business as usual’ 
climate change without further policy intervention to promote mitigation. An interagency group of the 
US Government has pooled the results of three frequently cited integrated assessment models to 
estimate the baseline social cost of carbon at various discount rates based upon the EMF-22 scenarios: 
FUND (Climate Framework for Uncertainty, Negotiation and Distribution), developed by Richard Tol; 
DICE, developed by William Nordhaus; and PAGE, developed by Chris Hope. The results are shown 
in Table 26. Through a review of literature explained previously it has been deduced that an appropriate 
social discount rate for the purposes of this research is approximately 3%, for which a corresponding 
social cost of carbon for each year between 2010 and 2050 can be found (Interagency Working Group 
on Social Cost of Carbon, United States Government, 2013). To evaluate this factor, UKCP09 A1B 
(‘medium’) weather files are used between 2025 and 2050 (Eames, et al., 2010). 
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Table 26: Annual social cost of carbon values: 2010-2050 / 2007$tCO2eq-1 (Interagency Working Group on Social 
Cost of Carbon, United States Government, 2013) 
Year Discount Rate 
5% Average 3% Average   2.5% Average 
2010 11 33 52 
2011 11 34 54 
2012 11 35 55 
2013 11 36 56 
2014 11 37 57 
2015 12 38 58 
2016 12 39 60 
2017 12 40 61 
2018 12 41 62 
2019 12 42 63 
2020 12 43 65 
2021 13 44 66 
2022 13 45 67 
2023 13 46 68 
2024 14 47 69 
2025 14 48 70 
2026 15 49 71 
2027 15 49 72 
2028 15 50 73 
2029 15 51 74 
2030 15 52 76 
2031 17 53 77 
2032 17 54 78 
2033 18 55 79 
2034 18 56 80 
2035 19 57 81 
2036 19 58 82 
2037 20 59 84 
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Year Discount Rate 
5% Average 3% Average   2.5% Average 
2038 20 60 85 
2039 21 61 86 
2040 21 62 87 
2041 22 63 88 
2042 22 64 89 
2043 23 65 90 
2044 23 65 91 
2045 24 66 92 
2046 24 67 94 
2047 25 68 95 
2048 25 69 96 
2049 26 70 97 
2050 27 71 98 
 
5.5.2. UK Energy System Scenarios 
All iterations of the rapid calculator were computed and analysed to identify the combinations of 
independent variables that best represent the plausible extremes of the driving forces of each explorative 
scenario end-state illustrated in Figure 19. The scenarios are internally consistent and entirely 
comparable, but have very contrasting qualities. Table 27 provides a comparison of the various 
parameters trajectories distinguishing each scenario. 
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Table 27: Trajectory comparison across the four UK energy scenarios. 
Parameter 
Low Investment 
in Emissions 
High Investment 
in Emissions 
Low Investment 
in Energy 
High Investment 
in Energy 
Nuclear power stations 1 4 4 1 
CCS power stations 1 1 1 4 
CCS power station fuel mix 1 2 1 4 
Offshore wind 1 4 1 4 
Land dedicated to bio-energy 1 4 1 4 
Shift to zero emission transport 1 4 1 4 
Average temperature of homes 1 4 1 4 
Home heating electrification 1 3 1 2 
Home heating that isn't electric 1 3 1 2 
Growth in industry 1 3 1 3 
Energy intensity of industry 1 3 1 3 
Commercial heating electrification 2 3 1 4 
Commercial heating that isn't 
electric 
2 3 3 4 
Storage, demand shifting & 
interconnection 
1 4 2 4 
A detailed description of each scenario identified by the rapid calculator follows based upon 
corresponding information contained within the DECC 2050 Pathways Calculator (Department of 
Energy and Climate Change, 2013). Each description has an illustrative story as well as figures showing 
use of energy sources, energy demand by sector, electricity generation, emissions by sector and a 
Sankey diagram describing energy flows from source to end use. 
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Low Investment in Emissions 
 
Figure 21: Diagram to illustrate conditions in which the 'Low Investment in Emissions’ scenario apply along the axes 
of critical uncertainties. 
Figure 22 describes energy demand from 2007 to 2050. It shows a significant rise in demand over time, 
predominantly for providing thermal comfort and for industry. 
The average room temperature of domestic homes increases to 20°C, a 2.5°C increase on 2007. 10% of 
homes are heated by electrical resistive heating and 90% by gas boilers in the year 2050. 
By 2050, 20% of personal transport is using plug in hybrid electric cars and 2.5% are zero emission 
cars. 
The proportions of technologies used to deliver heating, ventilation and air-conditioning services to 
commercial property are: 10% solid fuel boiler; 20% ground-source heat pump; and 70% community 
scale solid-fuel combined heat and power. 
UK industry output more than doubles by 2050. There is no electrification of industrial processes and 
little improvement in industrial energy intensity. 
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Figure 22: Energy demand in the low investment in emissions scenario. 
Figure 23 shows the proportion of primary energy supply to the energy system from 2007 to 2050. It 
shows overall energy consumption increasing over time, with a larger use of fossil fuels, in particular 
natural gas. 
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Figure 23: Primary energy supply in the ‘Low Investment in Emissions’ scenario. 
Figure 24 provides details of electricity generation from 2007 and 2050. It shows a significant increase 
in unabated fossil fuel generation, meeting almost all demand. 
No new nuclear power is installed. The UK’s last remaining nuclear power stations close in 2035. Only 
demonstration carbon capture and storage plants are developed. After the deployment of these 
demonstration plants, all carbon capture and storage electricity is from solid fuel (coal or biomass). 
Approximately 1400 offshore wind turbines are developed by 2025, reducing to zero as 
decommissioned sites are not replaced. 
Energy crops and food production is similar in 2050 to 2010 levels. In 2050 biomass is mainly converted 
to liquid bio-fuel. 
3.5GW of pumped storage and 4GW of interconnection with mainland Europe are available for 
balancing electricity supply and demand. 0GW of backup electricity generation capacity is required to 
ensure electricity demand is met uninterrupted. 
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Figure 24: Electricity generation in the ‘Low Investment in Emissions’ scenario. 
Figure 25 shows national greenhouse gas emissions towards 2050. It illustrates how they rise back to a 
similar rate to 1990 levels. 
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Figure 25: Greenhouse gas emissions in the ‘Low Investment in Emissions’ scenario. 
Figure 26 shows energy flows from source to end-use in 2050 under this scenario. It describes a heavy 
reliance on gas powered thermal generation and the dominance of industry and thermal comfort in 
energy demand. 
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Figure 26: Energy flows from source to end-use in the ‘Low Investment in Emissions’ scenario. 
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High Investment in Emissions 
 
Figure 27: Diagram to illustrate conditions in which the 'High Investment in Emissions’ scenario apply along the axes 
of critical uncertainties. 
Figure 28 describes energy demand from 2007 to 2050. It shows a decrease in demand over time, with 
a notable contraction in industry. 
The average room temperature of domestic homes decreases to 16°C, 1.5°C lower than in 2007. 11% 
of homes are heated by district heating from power stations, 30% by ground-source heat pumps and 
58% by air-source heat pumps in the year 2050. 
By 2050, 100% of personal transport is using plug-in electric motor or hydrogen fuel cell cars. All 
passenger trains are electrified, along with 50% of buses. 
The proportions of technologies used to deliver heating, ventilation and air-conditioning services to 
commercial property are: 11% district heating from power stations; 30% ground-source heat pump; and 
58% air-source heat pump. 
UK industry output falls by between 30-40% by 2050. Many industrial processes are electrified, carbon 
capture and storage sequester 48% of industrial emissions, and substantial improvements are made in 
process emissions and energy demand. 
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Figure 28: Energy demand in the ‘High Investment in Emissions’ scenario. 
Figure 29 shows the proportion of primary energy supply to the energy system from 2007 to 2050. It 
shows overall energy consumption increasing over time, with an increasingly large contribution by 
primary electricity and net imports. 
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Figure 29: Primary energy supply in the ‘High Investment in Emissions’ scenario. 
Figure 30 provides details of electricity generation from 2007 and 2050. It shows a significant increase 
in generation capacity, to a level significantly above domestic demand, with massive investment in non-
thermal generation and nuclear power. All other types of electricity generation are phased out during 
this time. 
Approximately 50 3GW nuclear power stations delivering around 1030TWhyr-1 of energy are 
operational by 2050. Only demonstration carbon capture and storage plants are developed. 
Approximately 40,000 offshore wind turbines are operational in 2050, delivering around 430TWhyr-1 
of energy. 
17% of UK land is used for growing energy crops, biomass is mainly converted into liquid bio-fuel. 
National greenhouse gas emissions in 2050 are emitted at a rate 82% below 1990 levels. 
20GW of pumped storage and 30GW of interconnection with mainland Europe provide substantial 
capacity for balancing electricity supply and demand. 0GW of backup electricity generation capacity is 
required in order to ensure demand for electricity is met uninterrupted. 
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Figure 30: Electricity generation in the ‘High Investment in Emissions’ scenario. 
Figure 31 shows national greenhouse gas emissions towards 2050, reducing to 17% of 1990 levels. 
Major reductions in emissions are delivered through a steady decrease in the combustion of 
hydrocarbons. 
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Figure 31: Greenhouse gas emissions in the ‘High Investment in Emissions’ scenario. 
Figure 32 shows energy flows from source to end-use in 2050 under this scenario, it describes 
significant investment in nuclear and wind power with no dominant demand sector. Large quantities of 
electricity are exported to other countries. Pumped heat is a major contributor to thermal comfort. 
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Figure 32: Energy flows from source to end-use in the ‘High Investment in Emissions’ scenario. 
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Low Investment in Energy 
 
Figure 33: Diagram to illustrate conditions in which the 'Low Investment in Energy’ scenario apply along the axes of 
critical uncertainties. 
Figure 34 describes energy demand from 2007 to 2050. It shows a slight increase in energy demand for 
industry and thermal comfort over time resulting in higher demand overall. 
The average room temperature of domestic homes increases to 20°C, 2.5°C warmer than in 2007. 10% 
of homes are heated by resistive heating, the remaining 90% by gas boilers in the year 2050. 
By 2050, 20% of cars are plug-in hybrid electric cars and 2.5% zero emission cars. 
The proportions of technologies used to deliver heating to commercial property are: 11% district heating 
from power stations; 35% solid-fuel community scale combined heat and power; 24% gas-fuel 
community scale combined heat and power; 19% Stirling engine micro-combined heat and power; 10% 
solid-fuel boiler. 
UK industry output more than doubles by 2050. There is no electrification of industrial processes and 
little improvement in industrial energy intensity. 
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Figure 34: Energy demand in the ‘Low Investment in Energy’ scenario. 
Figure 35 shows the proportion of primary energy supply to the energy system from 2007 to 2050. It 
shows overall energy consumption increasing markedly over time, with an increasingly large 
contribution by primary electricity and net imports.  
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Figure 35: Primary energy supply in the ‘Low Investment in Energy’ scenario. 
Figure 36 provides details of electricity generation from 2007 and 2050. It shows a significant increase 
in generation capacity, to a level above domestic demand, with massive investment in nuclear power. 
All other types of electricity generation are almost entirely phased out during this time. 
Approximately 50 3GW nuclear power stations delivering around 1030TWhyr-1 of energy are 
operational by 2050. Only demonstration carbon capture and storage plants are developed. 
Around 1400 offshore wind turbines are developed by 2025, reducing to zero as decommissioned sites 
are not replaced. 
Energy crops and food production yields are similar in 2050 to 2010, biomass is mainly converted in 
liquid bio-fuel. 
4GW of pumped storage and 10GW of interconnection with mainland Europe are developed for 
balancing electricity supply and demand. 0GW of backup electricity generation capacity are required 
in order to ensure demand for electricity is met uninterrupted. 
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Figure 36: Electricity generation in the ‘Low Investment in Energy’ scenario. 
Figure 37 shows national greenhouse gas emissions towards 2050, reducing to approximately 75% of 
1990 levels. Most emission reduction is achieved through a reduction in fuel combustion. 
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Figure 37: Greenhouse gas emissions in the ‘Low Investment in Energy’ scenario. 
Figure 38 shows energy flows from source to end-use in 2050 under this scenario. It describes a heavy 
reliance on nuclear power and imported hydrocarbons. Energy for thermal comfort and industry 
dominates demand. 
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Figure 38: Energy flow from source to end-use in the ‘Low Investment in Energy’ scenario. 
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High Investment in Energy 
 
Figure 39: Diagram to illustrate conditions in which the 'High Investment in Emissions’ scenario apply along the axes 
of critical uncertainties. 
Figure 40 describes energy demand from 2007 to 2050. It shows a slight decrease in energy demand for 
industry over time, resulting in lower demand overall. 
The average room temperature of domestic homes decreases to 16°C, a 1.5°C decrease on 2007. 10% 
of homes are heated by solid fuel boilers, 20% by ground-source heat pumps, and 70% by community 
scale solid-fuel combined heat and power in the year 2050. 
By 2050, 100% of personal transport is using plug in electric motor or hydrogen fuel cell cars. 50% of 
buses are electrified, along with all passenger trains. 
The proportions of technologies used to deliver heating, ventilation and air-conditioning services to 
commercial property are: 10% solid fuel boiler; 30% ground source heat pump; and 60% air-source 
heat pump. 
UK industry output falls by between 30-40% by 2050. Many industrial processes are electrified, carbon 
capture and storage sequesters 48% of emissions, and substantial improvements are made in process 
emissions and energy demand. 
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Figure 40: Energy demand in the ‘High Investment in Energy’ scenario. 
Figure 41 shows primary energy supply to the energy system from 2007 to 2050. It shows overall energy 
consumption remaining similar to today, but with a significant change in the mix. Of note is the 
significant proportional increase in energy sourced from agriculture, waste and bio-matter. 
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Figure 41: Primary energy supply in the ‘High Investment in Energy’ scenario. 
Figure 42 provides details of electricity generation from 2007 and 2050. It shows a significant increase 
in generation capacity, to a level slightly above domestic demand, with high investment in carbon 
capture and storage thermal generation. The only other source of electricity generation in 2050 under 
this scenario is unabated thermal generation. 
No new nuclear power is installed. The UK’s last remaining nuclear power stations close in 2035. 
Approximately 510TWhyr-1from 50-90 carbon capture and storage plants are developed, similar to the 
production rate of gas plants in the 1990’s. After the deployment of these demonstration plants all 
carbon capture and storage electricity is from gas (gas or biogas). 
Almost 40,000 offshore wind turbines are operational in 2050, delivering around 430TWhyr-1of energy. 
17% of UK land is used for growing energy crops, biomass is mainly converted in liquid bio-fuel. 
National greenhouse gas emissions in 2050 are emitted at a rate 66% below 1990 levels. 
20GW of pumped storage and 30GW of interconnection with mainland Europe provide substantial 
capacity for balancing electricity supply and demand. 0GW of backup electricity generation capacity 
are required in order to ensure demand for electricity is met uninterrupted. 
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Figure 42: Electricity generation in the ‘High Investment in Energy’ scenario. 
Figure 43 shows national greenhouse gas emissions towards 2050, reducing to approximately 34% of 
1990 levels. Most emission reduction is achieved through increased carbon capture. 
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Figure 43: Greenhouse gas emissions in the ‘High Investment in Energy’ scenario. 
Figure 44 shows energy flows from source to end-use in 2050 under this scenario. It describes a heavy 
reliance on imported hydrocarbons and thermal generation. Although there is significant investment in 
offshore wind generation, almost all of the energy produced is exported. 
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Figure 44: Energy flow from source to end-use in the ‘Low Investment in Energy’ scenario 
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5.5.3. Delivered Energy Sources Emissions and Prices 
The emission intensities of delivered energy sources under each UK energy scenario have been 
extracted from the DECC 2050 Pathways Calculator. These intensities were derived from data 
describing flows of hydrocarbon production and consumption throughout the energy system, as well as 
bio-energy shares under each scenario (Department of Energy and Climate Change, 2013). The results 
are shown in Table 28 and illustrate how the emission intensity of gas is likely to remain largely 
unaffected. The emission intensity of grid supplied electricity could change significantly, to a relatively 
negligible intensity under three of the scenarios by 2030. 
Table 28: Emission intensities of energy sources under each UK energy scenario towards 2050 / tCO2eqMWh-1. 
Time 
Period 
Low Investment in 
Emissions 
High Investment in 
Emissions 
Low Investment in 
Energy 
High Investment in 
Energy 
Gas 
Grid 
Electricity 
Gas 
Grid 
Electricity 
Gas 
Grid 
Electricity 
Gas 
Grid 
Electricity 
2010 0.18 0.51 0.18 0.51 0.18 0.51 0.18 0.51 
2015 0.18 0.47 0.18 0.46 0.18 0.47 0.18 0.46 
2020 0.18 0.42 0.18 0.28 0.18 0.38 0.18 0.32 
2025 0.18 0.36 0.18 0.01 0.18 0.24 0.18 0.08 
2030 0.18 0.32 0.18 0 0.18 0.07 0.18 0.01 
2035 0.18 0.33 0.18 0 0.18 0 0.18 0.01 
2040 0.18 0.35 0.18 0 0.18 0 0.18 0.01 
2045 0.18 0.35 0.18 0 0.18 0 0.18 0.01 
2050 0.18 0.35 0.17 0 0.18 0 0.18 0.01 
Wholesale prices for gas and electricity were extracted from the resulting scenarios of the DECC 2050 
Pathways Calculator. These prices reflect the combined capital, operating and fuel expenditure that 
contribute towards the provision of each delivered energy source (Department of Energy and Climate 
Change, 2013). The results are shown in Table 29, Table 30 and Table 31 which demonstrate how the 
wholesale price of gas remains relatively consistent across scenarios, whilst there is great variation in 
grid electricity prices between scenarios. The lowest observed prices are in the ‘Low Investment in 
Energy’ scenario. 
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Table 29: High estimates of wholesale gas and electricity prices under each energy scenario towards 2050 / 
2010£MWh-1 
Time 
Period 
Low Investment in 
Emissions 
High Investment in 
Emissions 
Low Investment in 
Energy 
High Investment in 
Energy 
Gas Grid Electricity Gas 
Grid 
Electricity 
Gas 
Grid 
Electricity 
Gas 
Grid 
Electricity 
2010 17.17 105.81 16.69 104.91 17.17 105.8 16.69 104.91 
2015 20.14 114.1 19.83 121.1 20.14 114.1 19.83 121.1 
2020 25.18 124.98 24.9 208.49 24.85 132.73 24.81 189.39 
2025 30.32 123.32 30.15 229.88 29.63 130.46 29.68 215.26 
2030 35.24 112.47 34.07 161.27 34.67 111.96 34.5 169.03 
2035 35.35 111.41 34.16 155.55 34.75 93.4 35.55 172.97 
2040 35.49 123.24 34.31 130.87 35 86.52 35.77 150.32 
2045 35.73 123.04 34.38 121.63 35.29 78.02 36.02 144.08 
2050 35.84 122.76 34.45 110.22 35.58 73.92 36.26 133.41 
 
Table 30: Point estimates of wholesale gas and electricity prices under each energy scenario towards 2050 / 
2010£MWh-1 
Time 
Period 
Low Investment in 
Emissions 
High Investment in 
Emissions 
Low Investment in 
Energy 
High Investment in 
Energy 
Gas 
Grid 
Electricity 
Gas Grid Electricity Gas 
Grid 
Electricity 
Gas 
Grid 
Electricity 
2010 15.98 72.28 15.7 71.63 15.98 72.28 15.7 71.63 
2015 17.66 77 17.35 79.03 17.66 76.89 17.35 79.03 
2020 20.04 77.23 19.8 105.88 19.75 81.08 19.72 97.91 
2025 22.47 72.56 22.33 98.92 21.92 75.4 21.97 100.52 
2030 24.71 64.7 23.87 69.94 24.3 62.4 24.18 77 
2035 24.69 64.78 23.85 61.78 24.28 47.6 24.82 74.29 
2040 24.71 69.95 23.86 52.02 24.39 41.3 24.88 66.06 
2045 24.8 70.46 23.78 48.02 24.51 37.05 24.96 63.44 
2050 24.81 69.5 23.46 42.96 24.64 34.23 25.04 58.76 
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Table 31: Low estimates of wholesale gas and electricity prices under each energy scenario towards 2050 / 
2010£MWh-1 
Time 
Period 
Low Investment in 
Emissions 
High Investment in 
Emissions 
Low Investment in 
Energy 
High Investment in 
Energy 
Gas 
Grid 
Electricity 
Gas 
Grid 
Electricity 
Gas 
Grid 
Electricity 
Gas 
Grid 
Electricity 
2010 15.34 61.8 15.17 61.23 15.34 61.8 15.17 61.23 
2015 15.59 59.32 15.29 61.15 15.59 59.32 15.29 61.15 
2020 15.81 54.29 15.59 75.97 15.54 56.1 15.53 71.27 
2025 16.04 47.6 15.94 63.2 15.58 46.9 15.63 61.94 
2030 16.09 40.3 15.52 41.6 15.79 34.51 15.71 44.2 
2035 16 41 15.45 35.23 15.72 23.82 16.12 42 
2040 15.96 40.98 15.41 28.11 15.74 19.23 16.08 36.45 
2045 15.96 41.4 15.28 23.68 15.78 15.95 16.07 33.1 
2050 15.92 40.7 14.92 19.53 15.81 13.8 16.06 29.4 
 
5.5.4. Cross-Scenario Analysis 
The various levels of intervention described by each UK energy scenario in Table 27 can be compared 
with each other to determine strategy resilience to future change and which interventions have a pivotal 
impact in achieving policy objectives. Such a method of analysis is sometimes termed “wind-
tunnelling” in the scenarios literature (Government Office for Science, 2008). 
A resilient strategy is one that remains relevant regardless of the drivers that eventually dominate. By 
looking across the UK energy scenarios and identifying strategies present in all of them resilient 
interventions can be identified. These scenarios appear to suggest that a strategy of promoting further 
electrification of heating, ventilation and air-conditioning commercial property would be a resilient 
approach for business towards 2050. It also seems that diversifying non-electric energy sources for 
commercial property away from gas is a resilient approach, although it is not clear which energy source 
to move towards. 
A weak strategy is one that may only be relevant under certain futures. Weak strategies could be 
considered as interventions that are only found in one of the four UK energy scenarios. Further 
investment in carbon capture and storage power stations seems to be indicated as weak, being only a 
feature of the ‘High Investment in Energy’ scenario. Another weak strategy would be not to invest 
further in storage, demand and interconnection to balance energy supply and demand which is only a 
feature of the ‘Low Investment in Emissions’ scenario. 
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The Government’s recently published Carbon Plan explicitly states the following objectives for national 
energy policy: “achieving the first four carbon budgets”, requiring investment in greenhouse gas 
emissions; and “minimising cost to consumers”, minimising investment in energy. From these scenarios 
the development of nuclear power to generate considerable quantities of electricity, whilst having a 
relatively minor impact on global warming, seems to be a pivotal issue. In scenarios that might be 
thought to achieve policy outcomes nuclear power was employed with maximum effort, as opposed to 
no effort in the other two. 
The development of renewables, reducing and re-engineering domestic and industrial energy demand, 
and a transition towards zero emission and hybrid cars are indicative of highly invested strategies. 
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6. Evaluation of Building Energy Performance 
6.1. Introduction 
This chapter describes the process of evaluating the implications of the explorative scenarios described 
in the previous chapter for UK real estate. It focuses specifically on commercial offices, as assets of 
particularly high capital value. The development of research hypotheses, conditions placed upon the 
analysis, a description of case selection for experimentation and protocol for the collection of data are 
discussed within Section 6.2. Two methodologies are then used to assess the energy performance of the 
cases using the explorative scenarios arrived at in Section 5. Section 6.3 outlines the data collection 
procedure, Section 6.4 the results of building simulation and Section 6.5 the methods employed to 
evaluate the critical uncertainties identified. Section 6.6 provides a comparison of results across cases 
and methodologies. 
 
6.2. Evaluation Design 
As with other experiments, this research seeks to support or reject hypotheses arrived at through 
literature review. The goal is to provide insights that shed light on the suitability of alternative 
evaluating methodologies and building environmental strategies through cross-examination of a diverse 
range of cases for experiment. 
The aims and objectives of this research are set out in Section 6.2.1. In Section 6.2.2 the conditions of 
this research are explained, describing the limitations placed upon the study in attempting to make 
application in a contemporary real world context. The research methodology is explained in Section 
6.2.3. 
 
6.2.1. Aim and Research Hypotheses 
Aim 3: Evaluate the plausible energy performance of commercial property assets using statutory and 
best practice methodologies towards 2050. 
De Wilde and Tian have found that risks to the energy performance of office buildings due to a warming 
climate were relatively minimal, and in the case of a mixed-mode office may even improve over time 
(de Wilde & Tian, 2010; de Wilde & Tian, 2012). This research seeks to support this view through 
testing the following hypotheses: 
Hypothesis 7.1: The energy performance of the cases will improve towards 2050. 
The literature review in Section 3.4.1 identifies how the intention of energy performance labelling and 
certification for commercial property is to provide clear and vivid signals to markets of the quality of 
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facilities. In such a case, one may test the effectiveness of such interventions by determining whether 
they are suitable for signalling the financial risk incurred to occupiers from plausible future energy 
performance. In carrying out this study there is the opportunity to provide some degree of criterion-
related validation of the NCM and financial methodologies as appropriate signals of energy 
performance towards 2050 by making internally consistent comparisons between the two measures. 
Hypothesis 7.2: Evaluations of energy performance (compliance) using the NCM methodology are 
indicative of energy performance (financial). 
In finding a correlation between changes income related to energy performance (financial) risk and 
signals derived using the NCM it is possible to ascertain whether EPCs could possibly provide useful 
signals of the energy performance (financial) of the national energy system. 
Hypothesis 7.3: Income from building energy performance (financial) correlates significantly with 
signals derived from the NCM methodology. 
Greenhouse gas emissions have been an unknown and unmanaged externality of technological 
development for over a century. Stern asserts that climate change is “the greatest and widest-ranging 
market failure ever seen” requiring action that is “global… long term… (and) ha(s)... the economics of 
risk and uncertainty at centre stage” (Stern, 2006). Leading economists recognise that Stern has arrived 
at the right conclusions from perhaps a significantly outlying economic position (Arrow, 2007; 
Dasgupta, 2007). If Stern, Arrow and Dasgupta are correct in their assertions one would understand that 
the social impact of climate change is not internalised appropriately when accounting for value at risk 
to buildings within markets. Therefore, in internalising these additional costs one would expect a 
significant impact on the energy performance (financial) of assets. 
Hypothesis 7.4: Internalising the social impact of climate change within accounting methods has 
significant impact on the contribution of energy performance (financial) to asset values. 
 
6.2.2. Research Conditions 
This study is dependent on all the assumptions on which the supporting instruments employed have 
themselves adopted. Such instruments have been selected as useful through literature review. 
Additionally, a number of conditions need be placed on this study so that one can demonstrate 
employment of the methodologies in a present day business environment. The risk-free rate is 
representative of the rate of return an investor would expect from an asset with no risk of financial loss. 
Such rates are generally highly dynamic, are rigorously scrutinised and change constantly as a result of 
market activity. Therefore, this study has collected historic market data to freeze an illustrative rate for 
use in this analysis taken from the Financial Times. In the UK it is typical for investors to view yields 
on 10-year government bonds as representative of risk free return on investment (Financial Times, 
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2015). It is also not currently usual practice for rental valuations to be absolutely net of costs as they 
often include consideration of depreciation. However, for the purpose of this study it is assumed that 
the rental valuations stated are absolutely net. Without information regarding the cost of acquisition for 
the cases in question, consistent treatment may be applied. Therefore, the following conditions have 
been placed on the study that one should be mindful of in assessing the validity of research outcomes: 
Condition 1: The risk-free rate can be determined by the yield on a 10-year UK gilt and is equivalent 
to 1.65%. 
Condition 2: The rental values stated are absolutely net in the initial accounting period. 
Condition 3: All the cases are acquired in the initial accounting period on a 41-year leasehold at an 
expected return (see E𝑖 in Equation 8) equal to the combined social rate of time preference (3.8%) and 
the risk free rate stated in Condition 1, totalling 5.45%. 
 
6.2.3. Methodology 
Two assessment methodologies were employed to evaluate risks to the energy performance of a diverse 
selection of cases in light of the scenario descriptions developed in Section 5: the NCM methodology; 
and a methodology for evaluating relative approximations of financial risk based upon arbitrage pricing 
theory. A methodology schematic is provided in Figure 45. 
To make consistent comparisons between the NCM and financial methodologies it was deemed 
necessary to employ building simulation as an assessment tool. Three approaches to this study were 
considered to make this comparison: hypothetical generic examples; rigorous contemporary case 
studies; or typological cases inspired and informed by real life contemporary buildings. In light of the 
complexity and diversity of the systems to be evaluated it was considered that generic examples may 
not represent plausible comfortable buildings. However, due to limitations in the availability of certain 
data and the imperfect nature of the modelling tool, it was considered unfeasible to develop cases that 
could be presented with confidence as highly accurate representations of actual buildings. Therefore, 
the study adopted typological cases inspired and informed by real life contemporary buildings, where 
each case is represented as fully as possible by the real life building with explicit limitations. 
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Figure 45: Study 3 research methodology. 
 
6.3. Data Collection 
A ‘market portfolio’ of office cases was selected to be as diverse in design as possible rather than using 
a representative sample. Table 32 shows the cases selected, and the rationale behind the case study 
design. The selection is intended to maximise the utility of information from the design of office 
buildings, with utmost variation in service strategy and asset depreciation. It is concentrated on 
geographical areas of the UK at highest risk of temperature change (Gupta & Gregg, 2012). Such a 
selection is intended to be a useful example of a diversified pool of UK offices for comparison, so as to 
develop an understanding of the relative impact of the scenario descriptions on different office 
typologies. 
All available ‘as built’ drawings were collected for each case, supplemented by direct field observations, 
measurements and photographs taken during two-day site visits. Pertinent sections of operations and 
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maintenance manuals were gathered, as well as a recent season of monthly meter readings and the rent 
currently being paid by the tenants. 
Table 32: Case typologies and summarised description of selected real life buildings. 
 
Servicing Strategy 
Fully Air-Conditioned Mixed Mode Naturally Ventilated 
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Case A, Bristol 
Rent: £243.41m-2yr-1. Prime central 
location in Bristol. 7450m2 gross floor 
area. Fully air-conditioned office 
refurbishment. Mechanical ventilation 
with air-source heat pumps. Multiple 
occupants since 2008. 
Case B, Bristol. 
Rent: £242m-2yr-1. Located in a 
business park near Bristol. 11250m2 
gross floor area. Mixed-mode office. 
Active chilled beams and perimeter 
heating. Night purge ventilation 
during cooling season. Multiple 
occupants since 2009 
Case C, Bristol. 
Rent: £263m-2yr-1. Prime central 
location in Bristol. 7485m2 gross floor 
area. Mixed-mode office. 
Displacement ventilation with fan coil 
units for heating and contingency 
cooling in case of uncomfortable 
external air temperatures. Sole 
occupier since 2010 
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Case D, London 
Rent: £601.74m-2yr-1. Prime central 
location in London. 6340m2 gross 
floor area. Fully air-conditioned 
office. Mechanical ventilation with fan 
coil units. Sole occupier since 1998. 
Case E, London 
Rent: £265.48m-2yr-1. Prime central 
location in London. 1390m2 gross 
floor area. Mixed-mode office. Zoned 
naturally ventilated with perimeter 
heating or air-source heat pumps. 
Multiple occupiers since 1964. 
Case F, Bristol 
Rent: £155m-2yr-1. Located in a 
business park near Bristol. 1161m2 
gross floor area. Naturally ventilated 
office. Perimeter heating. Sole 
occupier since 1990 
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6.4. Building Simulation 
Building simulation was used to estimate delivered energy consumption between 2010 and 2050 for 
each typological case. This section gives consistent descriptions of each case study, including 
specification of the thermal models used for building simulation and verification of the results. 
The information collected for each case study was used to develop a range of dynamic thermal models 
using IES Virtual Environment17. ‘Test’ and ‘Reference’ case models were developed for each 
typological case and the weather varied. ‘ApacheSim’ was used to simulate annual energy consumption 
at hourly intervals. To make consistent comparisons between each case study many of the standards of 
the NCM methodology were adopted. 
This research departed from the NCM protocol by using an alternative set of weather data in 
simulations. Weather data for both ‘test’ and ‘reference’ cases in the baseline climate change factor 
were taken from the ‘medium’ set of UKCP09 TRY set of 10th, 50th and 90th percentile estimates for the 
closest geographical location to the case site. 
The resulting energy consumption estimates from building simulation have been compared with CIBSE 
TM46 benchmarks. Table 33 provides an explanation of how these ‘Category 1’ benchmarks for general 
offices have been weather adjusted for location for this purpose (Chartered Institute of Building 
Services Engineers, 2008). 
Table 33: TM46 category 1 benchmarks weather adjusted for location 
Delivered 
Energy 
Source 
Category 1 
Benchmark / 
kWhm-2yr-1 
Category 1 
Benchmark / 
MWhm-2yr-1 
Pro-Rated Proportion 
of Load for Weather 
Adjustment 
Weather Adjusted 
Benchmark Bristol 
/ MWhm-2yr-1 
Weather Adjusted 
Benchmark London 
/ MWhm-2yr-1 
Electricity 95 0.095 0 0.095 0.095 
Gas 120 0.12 0.55 0.114 0.11 
 
6.4.1. Creating the ‘Test’ Building Energy Models 
Building ‘Test’ case models were zoned in accordance with NCM guidance, normally bounded by 
interior partitioning, environmental system and occupancy type (Department for Communities and 
Local Government, 2008a). Building geometry, surface constructions, window openings and features 
of the heating, ventilation, air-conditioning and hot water systems were intended to be inspired by real 
life case studies. However, due to imperfect information the accuracy of this exercise was often impeded 
resulting in the use of some assumed NCM notional or NCM typical constructions being adopted, 
depending on the buildings vintage. The NCM database of standard activities that describe standard 
occupancy, temperature set-points, infiltration and heat gain profiles were used in all cases. 
                                                     
17 An integrated building simulation suite that includes approved packages suitable for DSM and SBEM energy assessment. 
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6.4.2. Creating the ‘Reference’ Building Energy Models 
Building ‘Reference’ cases were modelled with features consistent with the Test models, but having 
specific changes as stipulated by the NCM methodology. The reference cases were all modelled to have 
30% of exposed wall area as windows and 20% of exposed roof as rooflights only where such areas are 
larger than modelled for the respective Test case. The thermal transmittance of exposed surfaces for the 
notional buildings were made consistent with Table 34 and the glazing properties consistent with Table 
35. 
Table 34: Thermal transmittance of exposed surfaces of the reference models (Department for Communities and 
Local Government, 2008a). 
Exposed Surface Thermal transmittance / Wm-2K-1 
Roofs 0.25 
Walls 0.35 
Floors 0.25 
Windows and rooflights 2.2 
 
Table 35: Glazing properties of windows and rooflights of the reference models (Department for Communities and 
Local Government, 2008a). 
Orientation of glazing Solar transmittance Daylight transmittance 
N/NE/S/NW 0.65 0.69 
E/SE/SW/W 0.52 0.55 
Horizontal 0.39 0.41 
Spaces were considered air-conditioned if the system serving the space includes refrigeration. 
Reference models for air-conditioned spaces have been set to mechanically cool when the indoor air 
temperature exceeds 27oC. For naturally ventilated spaces, an auxiliary air-exchange of 5 air-changes 
per hour was provided whenever internal temperatures exceeded 23oC. In all cases windows were set 
to be closed continuously throughout. Table 36 explains the seasonal system efficiencies of the heating 
ventilation and air-conditioning systems adopted for the reference models. The auxiliary energy per unit 
floor area of the notional building accounts for the energy consumption of fans, pumps and controls. 
This was calculated as follows: for heated spaces, the product of 0.61Wm-2 and the annual hours of 
heating system operation; and for air-conditioned spaces, the product of the fresh air rate and a specific 
fan power of 2Wl-1s-1. 
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Table 36: Seasonal system efficiencies of the reference models (Department for Communities and Local Government, 
2008a). 
Level of Servicing Cooling SSEER Heating SCoP 
Heating with natural ventilation N/A 0.73 
Heated and mechanically ventilated N/A 0.78 
Fully air-conditioned 1.67 0.83 
Change-over mixed mode 2.25 The relevant SCoP value from above, 
dependent on the form of ventilation. 
Unheated and naturally ventilated N/A N/A 
 
6.4.3. Case A 
Case A is informed by a building originally constructed in the 1970’s and refurbished and extended in 
2007/8. A fully refurbished air-conditioned office occupied since 2008, providing 7,450m2 gross floor 
area in a prime central location in Bristol. It is visually impressive, particularly from the inside, with a 
feature exposed lift structure within an atrium that extends from ground floor to roof level. 
The building met all regulatory requirements for the period of construction. The floor-to-floor heights 
within the property are relatively low which led to the installation of variable refrigerant volume fan 
coil units within a compact ceiling void so that the minimum floor-to-ceiling height requirements of the 
BCO Guide were met. The mechanical ventilation system is fed by air handling units fitted with cooling 
and heater batteries, and a run-around-coil for heat recuperation. The cooling batteries are fed by chilled 
water from electrically powered outdoor condensers, the heating batteries from a low temperature hot 
water circuit fed by gas boilers. 
Figure 46 provides views of the Case A thermal model using IES Virtual Environment model viewer. 
Note that the building is not overshadowed by any other structure and that the areas of pitched mansard 
roof in the actual building have not been included. The atrium area of the building provides natural light 
to some of the office areas, as well as facilitating the ventilation strategy by drawing air from the office 
areas to the roof of the atrium through natural buoyancy effects. The weather data used in simulation 
was for a ‘Bristol’ location. 
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A complete construction, systems and operational specification of Case A is described in Table 37. The 
geometry of the building was modelled to be as accurate representation of the building from which it 
was inspired as possible. Where construction elements were unknown, they were made compliant with 
Approved Document Part L (2006) with respect to the particular vintage of the building (Office of the 
Deputy Prime Minister, 2006). The researcher could not identify how IES Virtual Environment can 
allow for different energy sources for fan coil units and heating batteries in air handling units. Therefore, 
it was necessary to specify that the entire environmental system used electricity as an energy source 
which is actually not the case with the real life building. UKCP09 Bristol.TRY weather files were used 
to simulate the energy consumption of this typological case. 
  
Figure 46: Views of Case A Test model. Top left clockwise: western elevation; eastern elevation and roof; from 
ground floor reception to roof of atrium; third floor office space. 
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Table 37: Case A thermal model specification. 
Attribute Selection 
Weather Bristol. 
Infiltration 0.25ACH 
Exterior walls Brick outer wall: U-value = 0.27 Wm-2K-1. 
Interior partition Plasterboard acoustic partition: U-value = 0.49 Wm-2K-1. 
External glazing Generic 2006 tinted double glazing: U-value = 2.75 Wm-2K-1. 
Interior glazing NCM notional internal window: U-value = 3.85 Wm-2K-1. 
Suspended floor Cast concrete slab with raised carpet floor: U-value = 1.62 Wm-2K-1/ 
Basement soffit: U-value = 0.21 Wm-2K-1. 
Ground floor Car park floor: U-value = 0.89 Wm-2K-1. 
Roof Flat roof (2006 regs): U-value = 0.16 Wm-2K-1. 
Personnel doors NCM notional door: U-Value = 2.2 Wm-2K-1. 
Heating, ventilation and air-conditioning system: 
main system. 
Air-source electric heat pumps serving fan coil units. Mechanical air 
supply. 
Hot water system Instantaneous electrical heating at point of use. 
NCM occupancy and operational profiles NCM office: car park / changing facilities / circulation area / 
cupboard / eating and drinking area / food preparation / gym / light 
plant room / light plant Room (office server) / (office IT) / (office 
meeting) / (office open) / reception / toilet. 
General artificial lighting 500 lux Crompton Dulcet with opal diffuser – T8 Lamp. 
Window openings None. 
Renewables None. 
Figure 47 illustrates the behaviour of the Case A Test model for a sample general office zone during a 
winter day. The graph shows operation of the heating system throughout occupied hours to maintain an 
internal dry resultant temperature of 21oC, with a sharp peak load early in the morning to get the building 
up to a comfortable temperature. The internal gains profile follows closely to occupancy. No natural 
external ventilation or mechanical cooling is observed throughout the day. Overall, the behaviour of the 
Test model appears to reflect closely that which was intended during winter. 
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Figure 47: Observed behaviour of the Case A Test model on Friday 1st January for a 2010 weather year. 
Figure 48 illustrates the behaviour of the Case A Test model for a sample general office zone during a 
hot summer day. The graph shows operation of the cooling system throughout occupied hours to 
maintain an internal dry resultant temperature below 25oC. The internal gains profile follows closely to 
occupancy. No natural external ventilation or mechanical heating is observed throughout the day. 
Overall, the behaviour of the Test model appears to reflect closely that which was intended during 
summer. 
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Figure 48: Observed behaviour of the Case A Test model on Friday 9th July for a 2010 weather year. 
An equivalent Reference model of Case A was created with an alternative specification discussed in 
Section 6.4.2. A view of the Reference model is shown in Figure 49 and illustrates alternative 40% 
glazing to external surfaces. 
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Figure 49: View of Case A Reference model. 
Figure 50 illustrates the behaviour of the Case A Reference model for a sample general office zone 
during a hot summer day. The graph shows operation of the cooling system throughout occupied hours 
as internal dry resultant temperature exceeds 27oC. The internal gains profile follows closely to 
occupancy. No natural external ventilation or mechanical heating is observed throughout the day. 
Overall, the behaviour of the Reference model appears to reflect closely that which was intended during 
summer. 
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Figure 50: Observed behaviour of the Case A Reference model on Friday 9th July for a 2010 weather year. 
Simulation ensembles were carried out for Case A recording grid electricity and gas consumption for 
the Test and Reference models under varied weather conditions. The summary findings are shown in 
Table 38, where comparisons are made to a TM54 benchmark. No gas consumption was recorded for 
the Case A Test models, due to the full electrification of systems specified in the models development. 
In contrast, the alternative specification of gas fired heating in the Reference model has resulted in gas 
consumption being recorded. During future weather years, an increase in grid electricity consumption 
through time for both Test and Reference models and a reduction in gas consumption through time for 
the Reference model were recorded. This could be the result of warming temperatures, with 
progressively less gas-fired heating required in winter and more electrically driven air-conditioning 
required in summer. Comparisons with TM54 benchmarks found predicted energy consumption to be 
of a similar order of magnitude. 
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Table 38: Summary findings of predicted energy consumption for all Case A thermal models. 
Climate Factor Model Delivered 
Energy Source 
Percentile TM54 / 
MWh 
2010 /  
MWh 
2030 / 
MWh 
2050 / 
MWh 
No Climate Change Test Gas NA 541.8 0 0 0 
No Climate Change Test Grid Electricity NA 451.3 699.6 699.6 699.6 
No Climate Change Reference Gas NA 541.8 222 222 222 
No Climate Change Reference Grid Electricity NA 451.3 593.8 593.8 593.8 
Baseline Climate Change Test Gas 10th 541.8 0 0 0 
Baseline Climate Change Test Gas 50th 541.8 0 0 0 
Baseline Climate Change Test Gas 90th 541.8 0 0 0 
Baseline Climate Change Test Grid Electricity 10th 451.3 699.6 710.7 726.5 
Baseline Climate Change Test Grid Electricity 50th 451.3 699.6 743.5 762 
Baseline Climate Change Test Grid Electricity 90th 451.3 699.6 793 839.2 
Baseline Climate Change Reference Gas 50th 541.8 222 167.7 152.2 
Baseline Climate Change Reference Grid Electricity 50th 451.3 593.8 647.3 668.1 
 
6.4.4. Case B 
Case B is informed by a mixed-mode office occupied since 2009, providing 11,250m2 gross floor area 
in a business park near Bristol. It has many striking features, including: a large cantilevered shading 
device over the entrance; extensive full height curtain walling with bris-soleil; a large central atrium 
rising from ground floor reception to roof level, in which a feature service core is situated; and external 
elevations of the ground floor are recessed inside the elevations of the upper floors. 
The building adopts many innovative design features, such as: low flow taps and showers; grey-water 
recycling; a ground-source heat pump; and automated window opening for night purge ventilation. 
Environmental comfort is provided to the office areas through multi-service active chilled beams, which 
deliver artificial light, tempered fresh air and comfort cooling. The office areas are warmed by perimeter 
trench heating fed by a low temperature hot water circuit heated by condensing gas boilers. Other areas 
are served by a constant-air-volume system with exception of: the server room, which utilises direct 
expansion heat pump units; and the gymnasium, which utilises a four-pipe fan coil unit system. 
Figure 51 provides views of the Case B thermal model using IES Virtual Environment model viewer. 
The building is not overshadowed by any other structure. The atrium area of the building provides 
natural light to some of the office areas, but has limited effect on the ventilation strategy as much of the 
adjacent office areas are separated from it by internal glazing. The weather data used in simulation was 
for a ‘Bristol’ location. 
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A complete construction, systems and operational specification of Case B is described in Table 39. The 
geometry of the building was modelled to be as accurate representation of the building from which it 
was inspired as possible. Relatively few assumptions were required to create the model, due to the 
completeness of the information collected. However, it was necessary to include the notional personnel 
door to the model for which a specification of the actual door could not be found. Also, the researcher 
could find no means of specifying a ground-source heat pump using IES Virtual Environment. 
Therefore, this feature of the buildings environmental system was excluded from the typological case 
analysed. UKCP09 Bristol.TRY weather files were used to simulate the energy consumption of this 
typological case. 
  
Figure 51: Views of Case B. Top left clockwise: western elevation and roof; from third floor walkway looking south 
east towards entrance; second floor office space; from second floor walkway in reception towards cantilevered 
shading structure. 
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Table 39: Case B thermal model specification. 
Attribute Selection 
Weather Bristol. 
Infiltration 0.25ACH 
Exterior walls Undercroft facing blockwork: U-value = 1.07 Wm-2K-1 / Rainscreen 
cladding: U-value = 1.14 Wm-2K-1. 
Interior partition Internal partition: U-value = 0.81 Wm-2K-1. 
External glazing Curtain walling: U-value = 1.15 Wm-2K-1. 
Interior glazing Internal glazing: U-value = 3.61 Wm-2K-1. 
Suspended floor Undercroft soffit: U-value = 0.25 Wm-2K-1 / Internal ceiling: U-
value 1.47 Wm-2K-1. 
Ground floor Standard floor construction (2002 regs): U-value = 0.25 Wm-2K-1. 
Roof Roof: U-value = U-value: 0.25 Wm-2K-1. 
Personnel doors NCM notional door = U-value: 2.2 Wm-2K-1. 
Heating, ventilation and air-conditioning system: 
main system. 
Gas fired boiler serving perimeter trench radiators. Electrically 
powered condenser serving active chilled beams. Mechanical air 
supply. 
Heating, ventilation and air-conditioning system: 
gymnasium. 
Gas fired boiler and electrically powered condensers serving fan coil 
units. Mechanical air supply. 
Heating, ventilation and air-conditioning system: 
server room. 
Multi-split air conditioning system. Mechanical air supply. 
Heating, ventilation and air-conditioning system: 
restaurant, kitchens and WC. 
Gas fired boiler and electrically powered condensers serving 
constant air volume air-conditioning system. Mechanical air supply. 
Hot water system Instantaneous electrical heating at point of use. 
NCM occupancy and operational profiles NCM office: car park / changing facilities / circulation area / 
cupboard / eating and drinking area / food preparation / gym / light 
plant room / light plant Room (office server) / (office meeting) / 
(office open) / reception / toilet. 
General artificial lighting 500 lux Crompton Dulcet with opal diffuser – T8 Lamp. 
Window openings Purge ventilation if indoor temperature is above 23oC between 18:00 
and 22:00 Monday to Friday during June, July and August. 
Renewables None. 
Figure 52 illustrates the behaviour of the Case B Test model for a sample general office zone during a 
winter day. The graph shows operation of the heating system throughout occupied hours to maintain an 
internal dry resultant temperature of 21oC, with a sharp peak load early in the morning to get the building 
up to a comfortable temperature. The internal gains profile follows closely to occupancy. No natural 
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external ventilation or mechanical cooling is observed throughout the day. Overall, the behaviour of the 
Test model appears to reflect closely that which was intended during winter. 
 
Figure 52: Observed behaviour of the Case B Test model on Friday 1st January for a 2010 weather year. 
Figure 53 illustrates the behaviour of the Case B Test model for a sample general office zone during a 
hot summer day. The graph shows operation of the cooling system throughout occupied hours to 
maintain an internal dry resultant temperature below 25oC. The internal gains profile follows closely to 
occupancy. Natural external purge ventilation cools the building from 6pm to the end of the day. No 
mechanical heating is observed throughout the day. Overall, the behaviour of the Test model appears 
to reflect closely that which was intended during summer. 
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Figure 53: Observed behaviour of the Case B Test model on Friday 9th July for a 2010 weather year. 
An equivalent Reference model of Case B was created with an alternative specification discussed in 
Section 6.4.2. A view of the Reference model is shown in Figure 54 and illustrates how the glazing to 
external surfaces is unchanged. This is because the area of glazed surfaces in the Test model exceeds 
the 40% threshold. 
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Figure 54: View of Case B Reference model. 
Figure 55 illustrates the behaviour of the Case B Reference model for a sample general office zone 
during a hot summer day. The graph shows operation of the cooling system throughout occupied hours 
as internal dry resultant temperature exceeds 27oC. The internal gains profile follows closely to 
occupancy. No natural external ventilation or mechanical heating is observed throughout the day. 
Overall, the behaviour of the Reference model appears to reflect closely that which was intended during 
summer. 
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Figure 55: Observed behaviour of the Case B Reference model on Friday 9th July for a 2010 weather year. 
Simulation ensembles were carried out for Case B recording grid electricity and gas consumption for 
the Test and Reference models under varied weather conditions. The summary findings are shown in 
Table 40, where comparisons are made to a TM54 benchmark. During future weather years, an increase 
in grid electricity consumption through time for both Test and Reference models and a reduction in gas 
consumption through time for both the Test and Reference model were recorded. As with Case A, this 
could be the result of warming temperatures, with progressively less gas-fired heating required in winter 
and more electrically driven air-conditioning required in summer. Comparisons with TM54 benchmarks 
found predicted energy consumption to of a similar order of magnitude. 
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Table 40: Summary findings of predicted energy consumption for all Case B thermal models. 
Climate Factor Model Delivered 
Energy Source 
Percentile TM54 / 
MWh 
2010 /  
MWh 
2030 / 
MWh 
2050 / 
MWh 
No Climate Change Test Gas NA 1283.2 460.5 460.5 460.5 
No Climate Change Test Grid Electricity NA 1068.8 659.1 659.1 659.1 
No Climate Change Reference Gas NA 1283.2 337.6 337.6 337.6 
No Climate Change Reference Grid Electricity NA 1068.8 685.2 685.2 685.2 
Baseline Climate Change Test Gas 10th 1283.2 460.5 460.8 443.4 
Baseline Climate Change Test Gas 50th 1283.2 460.5 401.7 359.2 
Baseline Climate Change Test Gas 90th 1283.2 460.5 314.3 312.8 
Baseline Climate Change Test Grid Electricity 10th 1068.8 659.1 680.2 703.6 
Baseline Climate Change Test Grid Electricity 50th 1068.8 659.1 744.2 790.2 
Baseline Climate Change Test Grid Electricity 90th 1068.8 659.1 841.7 939.5 
Baseline Climate Change Reference Gas 50th 1283.2 337.6 291 266.3 
Baseline Climate Change Reference Grid Electricity 50th 1068.8 685.2 740.3 765.3 
 
6.4.5. Case C 
Case C is informed by a mixed-mode office occupied since 2010, providing 7,485m2 gross floor area 
in a prime central location in Bristol. It has a number of striking features, including: a large central 
atrium and some bris-soleil on the south facade. 
The building adopts a sophisticated environmental servicing strategy and extensive use of renewables. 
Environmental comfort is provided to the office areas through under-floor fan coil units and 
displacement ventilation. When outdoor air temperatures are less than indoor, the windows of the 
building become manually operable to allow passive cooling through natural ventilation. 
Figure 56 provides views of the Case C thermal model using IES Virtual Environment model viewer. 
The building is connected to another large structure on its western elevation. It is also potentially 
overshadowed by buildings across the road to the south and east. The atrium area of the building 
provides natural light to some of the office areas, as well as facilitating the ventilation strategy by 
drawing air from the office areas to the roof of the atrium through natural buoyancy effects. The weather 
data used in simulation was for a ‘Bristol’ location. 
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A complete construction, systems and operational specification of Case C is described in Table 41. The 
geometry of the building was modelled to be as accurate representation of the building from which it 
was inspired as possible. Without a detailed architectural specification and in respect to the buildings 
vintage some notional construction elements were assumed, which may have resulted in an overly 
cautious estimate of energy performance. However, there was good information available to accurately 
specify the mechanical services, including the renewable energy sources installed. The opening of 
windows to provide natural ventilation has been set to be an exception to the other naturally ventilated 
cases in this study, opening only when indoor air temperatures exceed 24oC and indoor air temperature 
is greater than outdoor air temperature. When temperatures are high and windows are not open, the 
mechanical air-conditioning system is used UKCP09 Bristol.TRY weather files were used to simulate 
the energy consumption of this typological case. 
  
Figure 56: Views of Case C. Top left clockwise: southern eastern elevation and roof; north eastern elevation; second 
floor office space; from second floor office area towards atrium roof. 
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Table 41: Case C thermal model specification. 
Attribute Selection 
Weather Bristol. 
Infiltration 0.25ACH 
Exterior walls NCM notional external wall: U-value = 0.35 Wm-2K-1. 
Interior partition NCM notional partition: U-value = 2 Wm-2K-1. 
External glazing NCM notional window (N/NW/NE/S): U-value = 2.2 Wm-2K-1. 
Interior glazing NCM notional internal window: U-value = 3.85 Wm-2K-1. 
Suspended floor NCM notional ceiling/floor: U-value = 1.25 Wm-2K-1. 
Ground floor NCM notional floor: U-value = 2.5 Wm-2K-1. 
Roof NCM notional roof: U-value = 2.5 Wm-2K-1. 
Personnel doors NCM notional door: U-value = 2.2 Wm-2K-1. 
Heating, ventilation and air-conditioning system: 
main system. 
Gas boiler and electrical chiller serving fan coil units. Mechanical 
air supply. Change-over mixed-mode free cooling through natural 
ventilation. 
Heating, ventilation and air-conditioning system: 
WC. 
Gas boiler and electrical chiller serving constant air volume system. 
Mechanical air supply. 
Hot water system 3 1000 litre direct fired calorifiers. 
NCM occupancy and operational profiles NCM office: car park / changing facilities / circulation area / 
cupboard / eating and drinking area / food preparation area / gym / 
light plant room / light plant room (office server) / office / office 
(office common) / office (office IT) / office (office meeting) / office 
(office open) / office (office speculative) / office (office tea) / office 
reception / office toilet. 
General artificial lighting 500 lux Crompton Dulcet with opal diffuser – T8 Lamp. 
Window openings Windows open between 6am and 6pm for free cooling when only 
internal temperatures exceed 24oC and the outdoor air temperature is 
cooler than the indoor air temperature. 
Renewables 122.5m2 south facing solar hot water heaters. 220m2 monocrystalline 
silicon south facing photovoltaic cells. 
Figure 57 illustrates the behaviour of the Case C Test model for a sample general office zone during a 
winter day. The graph shows operation of the heating system throughout occupied hours to maintain an 
internal dry resultant temperature of 21oC, with a sharp peak load early in the morning to get the building 
up to a comfortable temperature. The internal gains profile follows closely to occupancy. No significant 
natural external ventilation or mechanical cooling is observed throughout the day. Overall, the 
behaviour of the Test model appears to reflect closely that which was intended during winter. 
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Figure 57: Observed behaviour of the Case C Test model on Friday 1st January for a 2010 weather year. 
Figure 58 illustrates the behaviour of the Case C Test model for a sample general office zone during a 
hot summer day. The graph shows change-over operation of the cooling system and natural external 
ventilation throughout occupied hours to maintain an internal dry resultant temperature below 25oC. 
The internal gains profile follows closely to occupancy. No mechanical heating is observed throughout 
the day. Overall, the behaviour of the Test model appears to reflect closely that which was intended 
during summer. 
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Figure 58: Observed behaviour of the Case C Test model on Friday 9th July for a 2010 weather year. 
An equivalent Reference model of Case C was created with an alternative specification discussed in 
Section 6.4.2. A view of the Reference model is shown in Figure 59 and illustrates alternative 40% 
glazing to external surfaces. 
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Figure 59: View of Case C Reference model. 
Figure 60 illustrates the behaviour of the Case C Reference model for a sample general office zone 
during a hot summer day. The graph shows no operation of the cooling system throughout occupied 
hours as internal dry resultant temperature does not exceed 27oC. The internal gains profile follows 
closely to occupancy. No natural external ventilation or mechanical heating is observed throughout the 
day. Overall, the behaviour of the Reference model appears to reflect closely that which was intended 
during summer. 
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Figure 60: Observed behaviour of the Case C Reference model on Friday 9th July for a 2010 weather year. 
Simulation ensembles were carried out for Case C recording grid electricity and gas consumption for 
the Test and Reference models under varied weather conditions. The summary findings are shown in 
Table 42, where comparison are made to a TM54 benchmark. During future weather years, an increase 
in grid electricity consumption through time for both Test and Reference models and a reduction in gas 
consumption through time for both the Test and Reference model was recorded. As with Case A and B, 
this could be the result of warming temperatures, with progressively less gas-fired heating required in 
winter and more electrically driven air-conditioning required in summer. Comparisons with TM54 
benchmarks found predicted energy consumption to be of a similar order of magnitude.  
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Table 42: Summary findings of predicted energy consumption for all Case C thermal models. 
Climate Factor Model Delivered 
Energy Source 
Percentile TM54 / 
MWh 
2010 /  
MWh 
2030 / 
MWh 
2050 / 
MWh 
No Climate Change Test Gas NA 720.6 410.3 410.3 410.3 
No Climate Change Test Grid Electricity NA 865.1 453 453 453 
No Climate Change Reference Gas NA 720.6 415.5 415.5 415.5 
No Climate Change Reference Grid Electricity NA 865.1 433.8 433.8 433.8 
Baseline Climate Change Test Gas 10th 720.6 410.3 390.2 373.3 
Baseline Climate Change Test Gas 50th 720.6 410.3 355.8 340.2 
Baseline Climate Change Test Gas 90th 720.6 410.3 320.8 302.4 
Baseline Climate Change Test Grid Electricity 10th 865.1 453 465 480.3 
Baseline Climate Change Test Grid Electricity 50th 865.1 453 499.3 520.9 
Baseline Climate Change Test Grid Electricity 90th 865.1 453 547.2 587.6 
Baseline Climate Change Reference Gas 50th 720.6 415.5 354.7 337.5 
Baseline Climate Change Reference Grid Electricity 50th 865.1 433.8 443.1 453.3 
 
6.4.6. Case D 
Case D is informed by an air conditioned office occupied since 1998, providing 6,340m2 gross floor 
area in a prime central location in London. The building’s external appearance is relatively modest and 
appears to have been designed to complement its surroundings. Inside the building is visually 
impressive, with high quality finishes, glazed elevators, large reception and a double height water 
feature within a restaurant area. 
The building has been fitted with standard four-pipe fan coil units and mechanical ventilation. Heater 
batteries are connected to low temperature hot water circuits heated by condensing gas-fired boilers. 
Cooling coils are fed by a chilled water circuit connected to outdoor electrically powered condensers. 
Figure 61 provides views of the Case D thermal model using IES Virtual Environment model viewer. 
The building forms part of a terrace, connected to the east and west to structures of lower height. It is 
also potentially overshadowed by buildings across the road to the north and south. The weather data 
used in simulation was for an ‘Islington’ location. 
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A complete construction, systems and operational specification of Case D is described in Table 43. The 
geometry of the building was modelled to be as accurate representation of the building from which it 
was inspired as possible. The operations and maintenance manual for the property provided a thorough 
explanation of the surface constructions installed on site, including thermal transmittances. The only 
assumptions made in the analysis were the construction of the personnel doors for which a notional 
construction was assumed, and the light fittings which were kept consistent with other cases. UKCP09 
Islington.TRY weather files were used to simulate the energy consumption of this typological case. 
  
Figure 61: Views of Case D. Top left clockwise: north elevation and roof; north eastern elevation; second floor office 
space; from lower ground restaurant towards glazed roof to double height space. 
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Table 43: Case D thermal model specification. 
Attribute Selection 
Weather Islington. 
Infiltration 0.25ACH 
Exterior walls External walls (North/South): U-value = 0.61 Wm-2K-1 / External 
walls (East/West): U-value = 0.49 Wm-2K-1 / Exposed basement 
wall: U-value = 0.7 Wm-2K-1. 
Interior partition Internal partition: U-value = 0.7 Wm-2K-1. 
External glazing Grosvenor Street glazing: U-value = 1.87 Wm-2K-1 / Grosvenor Hill 
glazing: U-value = 2.05 Wm-2K-1 / Curtain walling (west and east 
lightwell): U-value = 1.99 Wm-2K-1 / Curtain walling (Grosvenor 
Hill): U-value = 1.94 Wm-2K-1 / Curtain walling (Bris Soleil): U-
value = 1.85 Wm-2K-1. 
Interior glazing Glazed partition: U-value = 4 Wm-2K-1. 
Suspended floor Office and basement lobby ceiling: U-value = 0.95 Wm-2K-1 / WC 
ceiling: U-value = 1.54 Wm-2K-1. 
Ground floor Solid exposed floor: U-value = 0.66 Wm-2K-1. 
Roof Roof: U-value = 0.26 Wm-2K-1. 
Personnel doors NCM notional door = 2.3 Wm-2K-1. 
Heating, ventilation and air-conditioning system: 
main system. 
Gas boiler and electrical chiller serving fan coil units. Mechanical 
air supply. 
Heating, ventilation and air-conditioning system: 
Basement. 
Gas boiler and electrical chiller serving constant air volume system. 
Mechanical air supply. 
Hot water system Instantaneous electrical heating at point of use. 
NCM occupancy and operational profiles NCM office: office (meeting) / light plant room (office server) / car 
park / circulation area / cupboard / eating and drinking area / office / 
food preparation area / light plant room / changing facilities / toilet. 
General artificial lighting 500 lux Crompton Dulcet with opal diffuser – T8 Lamp. 
Window openings None. 
Renewables None. 
Figure 62 illustrates the behaviour of the Case D Test model for a sample general office zone during a 
winter day. The graph shows operation of the heating system throughout occupied hours to maintain an 
internal dry resultant temperature of 21oC, with a sharp peak load early in the morning to get the building 
up to a comfortable temperature. The internal gains profile follows closely to occupancy. No natural 
external ventilation or mechanical cooling is observed throughout the day. Overall, the behaviour of the 
Test model appears to reflect closely that which was intended during winter. 
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Figure 62: Observed behaviour of the Case D Test model on Friday 1st January for a 2010 weather year. 
Figure 63 illustrates the behaviour of the Case C Test model for a sample general office zone during a 
hot summer day. The graph shows operation of the cooling system throughout occupied hours to 
maintain an internal dry resultant temperature below 25oC. The internal gains profile follows closely to 
occupancy. No natural external ventilation or mechanical heating is observed throughout the day. 
Overall, the behaviour of the Test model appears to reflect closely that which was intended during 
summer. 
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Figure 63: Observed behaviour of the Case D Test model on Friday 9th July for a 2010 weather year. 
An equivalent Reference model of Case D was created with an alternative specification discussed in 
Section 6.4.2. A view of the Reference model is shown in Figure 64 and illustrates alternative 40% 
glazing to external surfaces. 
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Figure 64: View of Case D Reference model. 
Figure 65 illustrates the behaviour of the Case D Reference model for a sample general office zone 
during a hot summer day. The graph shows operation of the cooling system throughout occupied hours 
as internal dry resultant temperature exceeds 27oC. The internal gains profile follows closely to 
occupancy. No natural external ventilation or mechanical heating is observed throughout the day. 
Overall, the behaviour of the Reference model appears to reflect closely that which was intended during 
summer. 
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Figure 65: Observed behaviour of the Case D Reference model on Friday 9th July for a 2010 weather year. 
Simulation ensembles were carried out for Case D recording grid electricity and gas consumption for 
the Test and Reference models under varied weather conditions. The summary findings are shown in 
Table 44, where comparisons are made to a TM54 benchmark. During future weather years, an increase 
in grid electricity consumption through time for both Test and Reference models and a reduction in gas 
consumption through time for both the Test and Reference model were recorded. As with Cases B and 
C, this could be the result of warming temperatures, with progressively less gas-fired heating required 
in winter and more electrically driven air-conditioning required in summer. Comparisons with TM54 
benchmarks found predicted energy consumption to be of a similar order of magnitude.  
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Table 44: Summary findings of predicted energy consumption for all Case D thermal models. 
Climate Factor Model Delivered 
Energy Source 
Percentile TM54 / 
MWh 
2010 /  
MWh 
2030 / 
MWh 
2050 / 
MWh 
No Climate Change Test Gas NA 698 337.8 337.8 337.8 
No Climate Change Test Grid Electricity NA 602.3 339.4 339.4 339.4 
No Climate Change Reference Gas NA 698 ` 220.6 220.6 
No Climate Change Reference Grid Electricity NA 602.3 332.3 332.3 332.3 
Baseline Climate Change Test Gas 10th 698 337.8 319.1 303.3 
Baseline Climate Change Test Gas 50th 698 337.8 281.1 262 
Baseline Climate Change Test Gas 90th 698 337.8 241.6 221.5 
Baseline Climate Change Test Grid Electricity 10th 602.3 339.4 344.4 360.3 
Baseline Climate Change Test Grid Electricity 50th 602.3 339.4 378.4 392.5 
Baseline Climate Change Test Grid Electricity 90th 602.3 339.4 416.2 454 
Baseline Climate Change Reference Gas 50th 698 220.6 187 175.8 
Baseline Climate Change Reference Grid Electricity 50th 602.3 332.3 364.4 373.2 
 
6.4.7. Case E 
Case E is informed by mixed-mode 1st, 2nd and third floor office space occupied since 1964, providing 
1,390m2 gross floor area in a prime central location in London. It is located above ground floor retail 
units, with domestic flats on the floor above. Originally designed as a naturally ventilated building 
throughout, a direct expansion heat pump system has been retrofitted to the second floor office area to 
provide air-conditioning. Heating is delivered through radiators connected to a low temperature hot 
water circuit heated by a gas boiler. The operators of the building do not collect monthly meter readings 
to compare to the results of building simulation. 
Figure 66 provides views of the Case E thermal model using IES Virtual Environment model viewer. 
The building forms part of a terrace, connected to the east and west to structures of similar height. It is 
also potentially overshadowed by buildings to the north and south. The weather data used in simulation 
was for an ‘Islington’ location. 
A complete construction, systems and operational specification of Case E is described in Table 45. The 
geometry of the building was modelled to be as accurate representation of the building from which it 
was inspired as possible. There were very few details of surface constructions. Therefore, with respect 
to the buildings vintage typical constructions have been assumed in almost all cases. The opening of 
windows to provide natural ventilation has been set to be consistent with the other naturally ventilated 
cases in this study, opening only when indoor air temperatures exceed 24oC, but has not been provided 
to the air-conditioned 2nd floor spaces. UKCP09 Islington.TRY weather files were used to simulate the 
energy consumption of this typological case. 
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Figure 66: Views of Case E. Top left clockwise: southern elevation and roof; northern elevation and roof; second 
floor office space towards west; second floor office space towards north. 
Aidan Parkinson 
Page 161 
Table 45: Case E thermal model specification. 
Attribute Selection 
Weather Islington. 
Infiltration 0.25ACH 
Exterior walls Wall construction: U-value = 1.7 Wm-2K-1. 
Interior partition NCM typical partition: U-value = 2 Wm-2K-1. 
External glazing NCM typical window: U-value = 3.3 Wm-2K-1. 
Interior glazing None. 
Suspended floor NCM typical floor: U-value = 1.25 Wm-2K-1. 
Ground floor NCM typical floor: U-value = 0.5 Wm-2K-1. 
Roof NCM typical roof: U-value = 0.5 Wm-2K-1. 
Personnel doors NCM typical door: U-value = 3.3 Wm-2K-1. 
Heating, ventilation and air-conditioning system: 
main system. 
Gas fired boiler serving perimeter radiators. Natural ventilation. 
Heating, ventilation and air-conditioning system: 
second floor office space. 
Gas fired boiler serving perimeter radiators. Electrically powered 
condensers serving multi-split air-conditioning system. 
Hot water system 1000 litre directly gas fired calorifier. 
NCM occupancy and operational profiles NCM office: Office (office open) / circulation area / food 
preparation area / light plant room / office / reception / cupboard / 
toilet. 
General artificial lighting 500 lux Crompton Dulcet with opal diffuser – T8 Lamp. 
Window openings Opened when internal air temperature exceeds 23oC. 
Renewables None. 
Figure 67 illustrates the behaviour of the Case E Test model for a sample general office zone during a 
winter day. The graph shows operation of the heating system throughout occupied hours to maintain an 
internal dry resultant temperature of 21oC, with a sharp peak load early in the morning to get the building 
up to a comfortable temperature. The internal gains profile follows closely to occupancy. No significant 
natural external ventilation or mechanical cooling is observed throughout the day. Overall, the 
behaviour of the Test model appears to reflect closely that which was intended during winter. 
An Exploration of Building Energy Performance and Financial Value with Demonstration on UK Offices 
Page 162 
 
Figure 67: Observed behaviour of the Case E Test model on Friday 1st January for a 2010 weather year. 
Figure 68 illustrates the behaviour of the Case E Test model for a sample general office zone during a 
hot summer day. The graph shows no mechanical cooling system, but natural external ventilation 
throughout occupied hours to maintain an internal dry resultant temperature below 25oC. The internal 
gains profile follows closely to occupancy. Overall, the behaviour of the Test model appears to reflect 
closely that which was intended during summer. 
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Figure 68: Observed behaviour of the Case E Test model on Friday 9th July for a 2010 weather year. 
An equivalent Reference model of Case E was created with an alternative specification discussed in 
Section 6.4.2. A view of the Reference model is shown in Figure 69 and illustrates alternative 40% 
glazing to external surfaces. 
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Figure 69: View of Case E Reference model. 
Figure 70 illustrates the behaviour of the Case E Reference model for a sample general office zone 
during a hot summer day. The graph shows no operation of the heating and cooling system throughout 
occupied hours. The internal gains profile follows closely to occupancy. No natural external ventilation 
or mechanical heating is observed throughout the day as the effects of natural ventilation have been 
modelled as a bulk air exchange. Overall, the behaviour of the Reference model appears to reflect 
closely that which was intended during summer. 
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Figure 70: Observed behaviour of the Case E Reference model on Friday 9th July for a 2010 weather year. 
Simulation ensembles were carried out for Case E recording grid electricity and gas consumption for 
the Test and Reference models under varied weather conditions. The summary findings are shown in 
Table 46, where comparisons are made to a TM54 benchmark. During future weather years, an increase 
in grid electricity consumption through time for both Test and Reference models and a reduction in gas 
consumption through time for both the Test and Reference model were recorded. As with Case B, C 
and D this could be the result of warming temperatures, with progressively less gas-fired heating 
required in winter and more electrically driven air-conditioning required in summer. Comparisons with 
TM54 benchmarks found predicted energy consumption to of a similar order of magnitude. 
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Table 46: Summary findings of predicted energy consumption for all Case E thermal models. 
Climate Factor Model Delivered 
Energy Source 
Percentile TM54 / 
MWh 
2010 /  
MWh 
2030 / 
MWh 
2050 / 
MWh 
No Climate Change Test Gas NA 153 119.6 119.6 119.6 
No Climate Change Test Grid Electricity NA 132.1 74.3 74.3 74.3 
No Climate Change Reference Gas NA 153 47.5 47.5 47.5 
No Climate Change Reference Grid Electricity NA 132.1 86.8 86.8 86.8 
Baseline Climate Change Test Gas 10th 153 119.6 115.1 106.4 
Baseline Climate Change Test Gas 50th 153 119.6 94.3 90.4 
Baseline Climate Change Test Gas 90th 153 119.6 75.8 68.9 
Baseline Climate Change Test Grid Electricity 10th 132.1 74.3 74.7 76.4 
Baseline Climate Change Test Grid Electricity 50th 132.1 74.3 78 79.4 
Baseline Climate Change Test Grid Electricity 90th 132.1 74.3 81.3 85.3 
Baseline Climate Change Reference Gas 50th 153 47.5 37.9 28.1 
Baseline Climate Change Reference Grid Electricity 50th 132.1 86.8 92 100 
 
6.4.8. Case F 
Case F is informed by a naturally ventilated office occupied since 1990, providing 1,161m2 gross floor 
area in a business park near Bristol. Heating is delivered through radiators connected to a low 
temperature hot water circuit heated by gas boilers. A print room is provided with mechanical 
ventilation. 
Figure 71 provides views of the Case F thermal model using IES Virtual Environment model viewer. 
The building is not overshadowed by any other structure. Foliage potentially overshadowing the 
building has not been added to the model. The weather data used in simulation was for a ‘Bristol’ 
location. 
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A complete construction, systems and operational specification of Case F is described in Table 47. 
Without a detailed architectural specification, and in respect to the buildings vintage, typical 
construction elements were assumed for the building performance consistent with Approved Document 
Part L (1985) (Department of the Environment and the Welsh Office, 1985). The opening of windows 
to provide natural ventilation has been set to be consistent with the other naturally ventilated cases in 
this study, opening only when indoor air temperatures exceed 24oC. UKCP09 Bristol.TRY weather files 
were used to simulate the energy consumption of this typological case. 
  
Figure 71: Views of Case F. Top left clockwise: western elevation and roof; ground floor office space towards print 
room; second floor office space; ground floor office space towards south. 
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Table 47: Case F thermal model specification. 
Attribute Selection 
Weather Bristol. 
Infiltration 0.25ACH 
Exterior walls 1985 regulations masonary cavity wall: U-value = 0.65 Wm-2K-1 / 
1985 regulations metal cladding: U-value = 0.63 Wm-2K-1 
Interior partition NCM notional partition: U-value = 2 Wm-2K-1. 
External glazing NCM notional window (E/SE/W/SW): U-value = 2.2 Wm-2K-1. 
Interior glazing NCM notional internal window: U-value = 3.85 Wm-2K-1. 
Suspended floor NCM notional ceiling/floor: U-value = 1.25 Wm-2K-1. 
Ground floor 1985 regulations solid ground floor: U-value = 0.33 Wm-2K-1. 
Roof 1981-1989 regulations pitched roof: U-value = 0.36 Wm-2K-1. 
Personnel doors NCM notional door: U-value = 2.2 Wm-2K-1. 
Heating, ventilation and air-conditioning system: 
main system. 
Gas fired boiler serving perimeter radiators. Natural ventilation. 
Heating, ventilation and air-conditioning system: 
print room. 
Gas fired boiler serving perimeter radiators. Mechanical ventilation. 
Hot water system Instantaneous electrical heating at point of use. 
NCM occupancy and operational profiles NCM Office: Circulation area / cupboard / food preparation area / 
light plant room / light plant room (office server) / office / office 
(meeting) / office (open) / reception / toilet / unheated space. 
General artificial lighting 500 lux Crompton Dulcet with opal diffuser – T8 Lamp. 
Window openings Opened only when internal air temperature exceeds 24oC. 
Renewables None. 
Figure 72 illustrates the behaviour of the Case E Test model for a sample general office zone during a 
winter day. The graph shows operation of the heating system throughout occupied hours to maintain an 
internal dry resultant temperature of 21oC, with a sharp peak load early in the morning to get the building 
up to a comfortable temperature. The internal gains profile follows closely to occupancy. No significant 
natural external ventilation or mechanical cooling is observed throughout the day. Overall, the 
behaviour of the Test model appears to reflect closely that which was intended during winter. 
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Figure 72: Observed behaviour of the Case F Test model on Friday 1st January for a 2010 weather year. 
Figure 73 illustrates the behaviour of the Case F Test model for a sample general office zone during a 
hot summer day. The graph shows no mechanical cooling system, but natural external ventilation 
throughout occupied hours to maintain an internal dry resultant temperature below 26oC. The internal 
gains profile follows closely to occupancy. A little mechanical heating is observed at the beginning of 
the day even though the internal dry resultant temperature does not at any time fall below the ehating 
set-point. Overall, a shortcoming of this Test model was that an unintended 4kW heating load was 
observed early on a hot summer’s morning that was difficult to explain. Other features of the Test model 
appear to have functioned correctly. 
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Figure 73: Observed behaviour of the Case F Test model on Friday 9th July for a 2010 weather year. 
An equivalent Reference model of Case F was created with an alternative specification discussed in 
Section 6.4.2. A view of the Reference model is shown in Figure 74 and illustrates alternative 40% 
glazing to external surfaces. 
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Figure 74: View of Case F Reference model. 
Figure 75 illustrates the behaviour of the Case E Reference model for a sample general office zone 
during a hot summer day. The graph shows no operation of the heating and cooling system throughout 
occupied hours. The internal gains profile follows closely to occupancy. No natural external ventilation 
or mechanical heating is observed throughout the day as the effects of natural ventilation have been 
modelled as a bulk air exchange. Overall, the behaviour of the Reference model appears to reflect 
closely that which was intended during summer. 
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Figure 75: Observed behaviour of the Case F Reference model on Friday 9th July for a 2010 weather year. 
Simulation ensembles were carried out for Case F recording grid electricity and gas consumption for 
the Test and Reference models under varied weather conditions. The summary findings are shown in 
Table 48, where comparisons are made to a TM54 benchmark. During future weather years, a reduction 
in gas consumption through time for both the Test and Reference model were recorded. As with other 
Cases this could be the result of warming temperatures, with progressively less gas-fired heating 
required in winter. Electricity consumption was found to be independent to changing weather conditions 
in both the Test and Reference models as they had both been specified a natural cooling strategy 
throughout. Comparisons with TM54 benchmarks found 2010 gas consumption to be approximately 
similar, and predicted electricity consumption to be of a similar order of magnitude.  
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Table 48: Summary findings of predicted energy consumption for all Case F thermal models. 
Climate Factor Model Delivered 
Energy Source 
Percentile TM54 / 
MWh 
2010 /  
MWh 
2030 / 
MWh 
2050 / 
MWh 
No Climate Change Test Gas NA 132.4 121.3 121.3 121.3 
No Climate Change Test Grid Electricity NA 110.3 70.4 70.4 70.4 
No Climate Change Reference Gas NA 132.4 40.2 40.2 40.2 
No Climate Change Reference Grid Electricity NA 110.3 71.9 71.9 71.9 
Baseline Climate Change Test Gas 10th 132.4 121.3 113.5 104.8 
Baseline Climate Change Test Gas 50th 132.4 121.3 95 86.2 
Baseline Climate Change Test Gas 90th 132.4 121.3 78.2 68.1 
Baseline Climate Change Test Grid Electricity 10th 110.3 70.4 70.4 70.4 
Baseline Climate Change Test Grid Electricity 50th 110.3 70.4 70.4 70.4 
Baseline Climate Change Test Grid Electricity 90th 110.3 70.4 70.4 70.4 
Baseline Climate Change Reference Gas 50th 132.4 40.2 31.6 29.1 
Baseline Climate Change Reference Grid Electricity 50th 110.3 71.9 71.9 71.9 
 
6.5. Energy Performance Evaluation 
This section describes the calculation of building energy performance using the financial and NCM 
methodologies. It describes the process of developing consumption vectors from the output of building 
simulation and energy price vectors from the futures studies exercise using linear interpolation and 
Monte-Carlo techniques. Further the application of a financial evaluation of energy performance using 
arbitrage pricing theory is explained, followed by an explanation of how EPC Asset Ratings are derived 
using the NCM methodology. Throughout the discussion an example vector is used as a consistent 
example so that application of the calculations explained can be traced through. 
 
6.5.1. Consumption Vectors 
Case study consumption used for the financial evaluations are estimated for each case study using 
building simulation under two climate factors: ‘No Climate Change’, using a 2010 UKCP09 TRY 
weather file throughout the time-series; and ‘Baseline Climate Change’, using 10th, 50th and 90th 
percentile 2010, 2030 and 2050 UKCP09 TRY weather files for an A1B SRES scenario. For the 
‘Baseline Climate Change’ factor a sample of 10,000 random estimates of case study energy 
consumption in years 2030 and 2050 are derived from triangular distributions defined by these 
percentile estimates of future weather conditions. Linear interpolation is then used to develop a time-
series of case study energy consumption in annual time-steps. Example random consumption vectors 
for Case B are shown in Table 49. 
For the NCM methodology, mean annual consumption of delivered energy sources are estimated for 
the Test and Reference models of each case study using building simulation under two climate factors: 
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‘No Climate Change’, using a 2010 UKCP09 TRY weather file throughout the time-series; and 
‘Baseline Climate Change’, using 50th percentile 2010, 2030 and 2050 UKCP09 TRY weather files for 
an A1B SRES scenario. In doing so, time series of annual energy consumption are produced towards 
2050 in 20-year time-steps. Linear interpolation is then used to produce an annual time-series of 
expected annual consumption of each delivered energy source towards 2050 for each model under both 
climate factors. Example random consumption vectors for Case B are shown in Table 49. 
Table 49: Annual time-series of 50th percentile annual energy consumption of Case B in the 'Baseline Climate 
Change' factor / MWh 
Year Financial Test Reference 
Gas Grid Electricity Gas Grid Electricity Gas Grid Electricity 
2010 460.5 659.1 460.5 659.1 337.6 685.2 
2011 458.3 662.1 457.6 663.4 335.3 688.0 
2012 456.2 665.0 454.6 667.6 332.9 690.7 
2013 454.0 668.0 451.7 671.9 330.6 693.5 
2014 451.9 670.9 448.7 676.1 328.3 696.2 
2015 449.7 673.9 445.8 680.4 326.0 699.0 
2016 447.6 676.9 442.9 684.6 323.6 701.7 
2017 445.4 679.8 439.9 688.9 321.3 704.5 
2018 443.2 682.8 437.0 693.1 319.0 707.2 
2019 441.1 685.7 434.0 697.4 316.6 710.0 
2020 438.9 688.7 431.1 701.7 314.3 712.8 
2021 436.8 691.7 428.2 705.9 312.0 715.5 
2022 434.6 694.6 425.2 710.2 309.6 718.3 
2023 432.5 697.6 422.3 714.4 307.3 721.0 
2024 430.3 700.5 419.3 718.7 305.0 723.8 
2025 428.1 703.5 416.4 722.9 302.7 726.5 
2026 426.0 706.4 413.5 727.2 300.3 729.3 
2027 423.8 709.4 410.5 731.4 298.0 732.0 
2028 421.7 712.4 407.6 735.7 295.7 734.8 
2029 419.5 715.3 404.6 739.9 293.3 737.5 
2030 417.3 718.3 401.7 744.2 291.0 740.3 
2031 417.2 723.5 399.6 746.5 289.8 741.6 
2032 417.1 728.6 397.5 748.8 288.5 742.8 
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Year Financial Test Reference 
Gas Grid Electricity Gas Grid Electricity Gas Grid Electricity 
2033 416.9 733.8 395.3 751.1 287.3 744.1 
2034 416.8 739.0 393.2 753.4 286.1 745.3 
2035 416.7 744.2 391.1 755.7 284.8 746.6 
2036 416.5 749.4 389.0 758.0 283.6 747.8 
2037 416.4 754.5 386.8 760.3 282.4 749.1 
2038 416.2 759.7 384.7 762.6 281.1 750.3 
2039 416.1 764.9 382.6 764.9 279.9 751.6 
2040 416.0 770.1 380.5 767.2 278.7 752.8 
2041 415.8 775.3 378.3 769.5 277.4 754.1 
2042 415.7 780.4 376.2 771.8 276.2 755.3 
2043 415.6 785.6 374.1 774.1 274.9 756.6 
2044 415.4 790.8 372.0 776.4 273.7 757.8 
2045 415.3 796.0 369.8 778.7 272.5 759.1 
2046 415.2 801.1 367.7 781.0 271.2 760.3 
2047 415.0 806.3 365.6 783.3 270.0 761.6 
2048 414.9 811.5 363.5 785.6 268.8 762.8 
2049 414.7 816.7 361.3 787.9 267.5 764.1 
2050 414.6 821.9 359.2 790.2 266.3 765.3 
 
6.5.2. Energy Price Vectors 
Descriptions of the explorative energy system scenarios developed in Section 5 define low, point and 
high wholesale energy prices for delivered gas and electricity in 5-year time steps between 2010 and 
2050. It is assumed that these low, point and high estimates defined triangular probability distributions 
of price, from which a sample of 10,000 random estimates of delivered wholesale energy prices are 
derived to produce 10,000 vectors in 5-year time steps. Linear interpolation is then used to develop a 
sample of these vectors in annual time-steps. 
A similar approach is taken using estimates of social cost of emissions. Triangular probability 
distributions in 1-year time steps of the social cost of carbon are assumed over values of 0, point and 
95th percentile estimates, as defined for a social discount rate of 3% by the Interagency Working Group 
for the Social Cost of Carbon (2013). This information is converted for inflation and historic exchange 
rates from 2007USD to 2010GBP. A sample of 10,000 random estimates of the social cost of carbon 
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are derived from these probability distributions to produce 10,000 vectors in 1-year time steps between 
2010 and 2050. 
Table 50: Delivered energy source prices, emissions intensities and social cost of carbon in the 'Low Investment in 
Emissions' energy scenario for an example random vector. 
Year Energy Price / 2010£MWh-1 Emissions Intensity/ tCO2eqMWh-1 Social Cost of Carbon / 
tCO2eq£ 
Gas Grid Electricity Gas Grid Electricity  
2010 16.1 77.1 0.2 0.5 17.0 
2011 16.6 75.0 0.2 0.5 25.8 
2012 17.1 73.0 0.2 0.5 32.4 
2013 17.6 70.9 0.2 0.5 16.0 
2014 18.1 68.8 0.2 0.5 17.5 
2015 18.6 66.8 0.2 0.5 23.9 
2016 19.0 74.0 0.2 0.5 28.4 
2017 19.4 81.2 0.2 0.5 42.6 
2018 19.8 88.4 0.2 0.4 33.0 
2019 20.3 95.6 0.2 0.4 41.1 
2020 20.7 102.9 0.2 0.4 38.1 
2021 21.1 97.0 0.2 0.4 29.2 
2022 21.4 91.1 0.2 0.4 20.5 
2023 21.8 85.3 0.2 0.4 29.0 
2024 22.2 79.4 0.2 0.4 44.4 
2025 22.6 73.5 0.2 0.4 8.3 
2026 22.4 73.4 0.2 0.4 12.9 
2027 22.3 73.2 0.2 0.3 28.9 
2028 22.1 73.1 0.2 0.3 4.8 
2029 21.9 72.9 0.2 0.3 14.8 
2030 21.7 72.8 0.2 0.3 43.8 
2031 21.6 71.9 0.2 0.3 31.4 
2032 21.5 71.0 0.2 0.3 29.0 
2033 21.4 70.1 0.2 0.3 37.1 
2034 21.3 69.2 0.2 0.3 64.6 
2035 21.3 68.3 0.2 0.3 61.9 
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Year Energy Price / 2010£MWh-1 Emissions Intensity/ tCO2eqMWh-1 Social Cost of Carbon / 
tCO2eq£ 
Gas Grid Electricity Gas Grid Electricity  
2036 21.9 65.9 0.2 0.3 37.4 
2037 22.5 63.5 0.2 0.3 40.4 
2038 23.1 61.1 0.2 0.3 74.1 
2039 23.8 58.8 0.2 0.3 88.8 
2040 24.4 56.4 0.2 0.4 13.7 
2041 25.0 59.1 0.2 0.4 25.1 
2042 25.7 61.8 0.2 0.4 56.8 
2043 26.3 64.5 0.2 0.4 53.5 
2044 26.9 67.2 0.2 0.4 12.6 
2045 27.5 69.9 0.2 0.4 102.6 
2046 25.3 66.7 0.2 0.4 22.0 
2047 23.1 63.5 0.2 0.4 16.3 
2048 20.8 60.2 0.2 0.4 38.8 
2049 18.6 57.0 0.2 0.4 70.1 
2050 16.4 53.8 0.2 0.4 61.6 
 
6.5.3. Calculation of Financial Performance 
Annual energy costs for each of the financial consumption vectors of each case are calculated under 
each scenario and climate change factor by multiplying the random vectors of delivered energy 
consumption, for which an example is shown in Table 49, by the respective random vectors of delivered 
energy price, of which an example is shown in Table 50. Electricity and gas costs are then added 
together for each vector to estimate a sample of time-series’ of total energy cost. An example output for 
Case B is shown in Table 51. 
Table 51: Annual energy costs for Case B in the 'Baseline Climate Change' factor and 'Low Investment in Emissions' 
energy scenario for an example random vector / £2010 
Year Gas / 2010£ Grid Electricity / 2010£ Total / 2010£ 
2010 7423.9 50813.9 58237.8 
2011 7615.8 49672.2 57288.0 
2012 7805.6 48518.3 56323.9 
2013 7993.2 47352.2 55345.4 
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Year Gas / 2010£ Grid Electricity / 2010£ Total / 2010£ 
2014 8178.8 46173.8 54352.6 
2015 8362.2 44983.2 53345.3 
2016 8508.2 50068.7 58576.9 
2017 8652.5 55196.9 63849.3 
2018 8795.0 60367.8 69162.8 
2019 8935.7 65581.5 74517.1 
2020 9074.5 70837.9 79912.4 
2021 9198.5 67086.7 76285.2 
2022 9320.8 63300.7 72621.5 
2023 9441.5 59480.1 68921.5 
2024 9560.4 55624.7 65185.1 
2025 9677.7 51734.6 61412.4 
2026 9555.1 51847.8 61402.9 
2027 9433.3 51960.1 61393.4 
2028 9312.1 52071.5 61383.7 
2029 9191.8 52182.1 61373.8 
2030 9072.1 52291.7 61363.9 
2031 9028.5 52017.7 61046.2 
2032 8984.9 51734.4 60719.3 
2033 8941.3 51441.8 60383.1 
2034 8897.8 51139.8 60037.6 
2035 8854.2 50828.5 59682.8 
2036 9113.1 49393.6 58506.8 
2037 9371.9 47934.0 57305.9 
2038 9630.5 46449.7 56080.1 
2039 9888.9 44940.6 54829.5 
2040 10147.1 43406.8 53553.9 
2041 10405.3 45793.8 56199.1 
2042 10663.3 48208.8 58872.1 
2043 10921.1 50651.7 61572.8 
2044 11178.8 53122.7 64301.5 
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Year Gas / 2010£ Grid Electricity / 2010£ Total / 2010£ 
2045 11436.3 55621.6 67057.9 
2046 10506.8 53408.8 63915.6 
2047 9577.9 51162.8 60740.7 
2048 8649.7 48883.4 57533.1 
2049 7722.0 46570.8 54292.8 
2050 6795.0 44224.9 51019.9 
The annual social cost of emissions for each of the financial consumption vectors of each case are 
calculated under each scenario for the ‘Baseline Climate Change’ factor only by calculating the product 
of the vector of delivered energy consumption, for which an example is shown in Table 49, the 
respective vector of delivered energy emission intensity, of which an example is shown in Table 50, 
and a vector from a random sample of 10,000 vectors of the social cost of emissions at a discount rate 
of 3%. These electricity and gas emission costs are then added together to estimate a time-series of 
social cost of emissions. An example output for Case B is shown in Table 52.  
Table 52: Annual social cost of emissions for Case B in the ‘Baseline Climate Change' factor and 'Low Investment in 
Emissions' energy scenario for an example random vector. 
Year Gas / 2010£ Grid Electricity / 2010£ Total / 2010£ 
2010 1413.0 5729.9 7142.9 
2011 2126.6 8566.9 10693.5 
2012 2663.5 10656.0 13319.4 
2013 1310.7 5206.3 6517.0 
2014 1426.5 5624.5 7051.0 
2015 1933.1 7563.6 9496.7 
2016 2286.9 8838.6 11125.5 
2017 3413.7 13025.8 16439.5 
2018 2630.0 9903.2 12533.2 
2019 3264.3 12123.3 15387.5 
2020 3012.8 11030.2 14042.9 
2021 2293.6 8232.7 10526.3 
2022 1607.1 5650.6 7257.7 
2023 2260.4 7778.5 10038.9 
2024 3435.5 11559.1 14994.6 
2025 639.7 2102.3 2742.0 
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Year Gas / 2010£ Grid Electricity / 2010£ Total / 2010£ 
2026 991.3 3214.8 4206.1 
2027 2208.0 7063.1 9271.1 
2028 361.9 1141.2 1503.1 
2029 1120.2 3480.7 4600.9 
2030 3287.7 10059.2 13346.9 
2031 2361.4 7325.1 9686.6 
2032 2176.6 6844.7 9021.3 
2033 2786.3 8881.7 11668.1 
2034 4843.3 15647.9 20491.2 
2035 4645.7 15212.1 19857.9 
2036 2805.4 9365.4 12170.8 
2037 3026.3 10297.6 13323.9 
2038 5550.4 19247.6 24798.0 
2039 6653.8 23510.7 30164.5 
2040 1027.7 3699.2 4726.9 
2041 1878.1 6808.2 8686.3 
2042 4251.0 15518.2 19769.2 
2043 4002.1 14711.6 18713.7 
2044 943.8 3493.3 4437.0 
2045 7669.1 28581.5 36250.6 
2046 1645.7 6175.1 7820.7 
2047 1215.5 4591.9 5807.4 
2048 2900.0 11029.8 13929.8 
2049 5236.0 20048.4 25284.4 
2050 4593.4 17705.1 22298.5 
Cash-flows are then developed for the sample of 10,000 vectors of each case under each scenario for 
three factors; a ‘Baseline’ factor meeting Conditions 1, 2 and 3 only; a ‘No Climate Change’ factor that 
additionally accounts for plausible changes in delivered wholesale energy costs; and a ‘Baseline 
Climate Change’ factor that accounts for both plausible changes in wholesale delivered wholesale 
energy costs and the social cost of emissions. Equation 9 provides a generic formula for calculating 
cash-flow vectors. An example output of cash-flows for Case B is shown in Table 53. 
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Equation 9: Calculation of cash-flow 
𝑌 = [− ∑ (
𝐼0
1+(𝑟𝑓+𝑠)
𝑡) + 𝐼0
41
𝑡 − ∆𝐶0, 𝐼𝑡 − ∆𝐶𝑡, 𝐼41 − ∆𝐶41] for, 41 ≥ 𝑡 ≥ 0 
Where, 
𝑌 = time-series of cash-flow. 
I = income for accounting period. 
∆𝐶 = change in consumption costs, as a result of energy system scenario and climate change factor. 
Here the social cost of emissions is considered an externality and, hence, results in a change in ‘Baseline 
Climate Change’ factor consumption costs in 2010 (accounting period 0), as well as in future years. 
Table 53: Cash-flow for Case B in the 'Low Investment in Emissions' scenario for an example random vector / £2010 
Year Cash-flow 
Baseline No Climate Change Baseline Climate Change 
2010 -43974034.3 -43974034.3 -43981177.1 
2011 2722500.0 2723635.9 2712756.2 
2012 2722500.0 2724771.8 2711094.4 
2013 2722500.0 2725907.7 2718875.3 
2014 2722500.0 2727043.6 2719334.2 
2015 2722500.0 2728179.5 2717895.7 
2016 2722500.0 2723228.2 2711035.3 
2017 2722500.0 2718276.9 2700448.9 
2018 2722500.0 2713325.6 2699041.8 
2019 2722500.0 2708374.3 2690833.1 
2020 2722500.0 2703423.0 2686782.4 
2021 2722500.0 2707110.0 2693926.3 
2022 2722500.0 2710797.0 2700858.5 
2023 2722500.0 2714484.1 2701777.3 
2024 2722500.0 2718171.1 2700558.0 
2025 2722500.0 2721858.1 2716583.4 
2026 2722500.0 2722035.4 2715128.8 
2027 2722500.0 2722212.7 2710073.3 
2028 2722500.0 2722389.9 2717851.0 
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Year Cash-flow 
Baseline No Climate Change Baseline Climate Change 
2029 2722500.0 2722567.2 2714763.1 
2030 2722500.0 2722744.5 2706027.0 
2031 2722500.0 2723382.5 2710005.0 
2032 2722500.0 2724020.5 2710997.1 
2033 2722500.0 2724658.5 2708686.6 
2034 2722500.0 2725296.4 2700209.0 
2035 2722500.0 2725934.4 2701197.1 
2036 2722500.0 2727218.1 2710060.1 
2037 2722500.0 2728501.9 2710107.9 
2038 2722500.0 2729785.6 2699859.6 
2039 2722500.0 2731069.3 2695743.7 
2040 2722500.0 2732353.0 2722457.0 
2041 2722500.0 2730282.2 2715852.3 
2042 2722500.0 2728211.4 2702096.5 
2043 2722500.0 2726140.7 2700451.2 
2044 2722500.0 2724069.9 2711999.3 
2045 2722500.0 2721999.1 2677429.3 
2046 2722500.0 2725144.1 2709001.4 
2047 2722500.0 2728289.1 2714189.7 
2048 2722500.0 2731434.1 2709274.8 
2049 2722500.0 2734579.1 2701160.5 
2050 2722500.0 2737724.1 2707419.4 
A probability distribution of internal rate of return (IRR) for each case is then calculated for all energy 
scenarios by applying Equation 10 to each sample of 10,000 cash-flow vectors for the ‘Baseline’, ‘No 
Climate Change’ and ‘Baseline Climate Change’ factors. This is set as an optimisation problem, which 
returns a rate of return for which the net-present value of each cash-flow vector is equal to 0. These 
distributions of IRR define risk to asset on the nth scenario on the kth factor, 𝑟𝑠𝑛𝑘. 
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Equation 10: Calculation of internal rate of return 
0 = 𝑌. ((1 + 𝑟𝑎𝑛𝑘)
−𝑡)  for, 41 ≥ 𝑡 ≥ 0 
Where, 
𝑟𝑎𝑛𝑘 = internal rate of return. 
A weighting is produced for each case according to the proportion of rent in year 0 to the total rent in 
year 0 from all cases. Estimates of IRR for each case are then multiplied by the relevant weightings and 
total of all cases taken. The resulting probability distribution of total weighted IRR defines risk to the 
market benchmark on the nth scenario on the kth factor, 𝑟𝑚𝑛𝑘. Using Equation 11, beta-coefficients for 
the cases are developed for every scenario and climate change factor. 
Equation 11: Calculation of beta coefficient 
𝛽𝑎𝑛𝑘 =
𝐶𝑜𝑣(𝑟𝑠𝑛𝑘, 𝑟𝑚𝑛𝑘)
𝑉𝑎𝑟(𝑟𝑚𝑛𝑘)
 
Where, 
𝛽𝑠𝑛𝑘 = beta-coefficent on the nth scenario and kth factor. 
𝑟𝑠𝑛𝑘 = risk to asset on the nth scenario and kth factor. 
𝑟𝑚𝑛𝑘 = risk to market benchmark on the nth scenario and kth factor. 
Excess return for each case in each of the climate change factors and scenarios are determined using 
Equation 12. Here, a mean of the probability distribution of risk to the market benchmark is used as an 
indication of excess return on the nth scenario on the kth factor, 𝐹𝑛𝑘. Table 54 shows results for an 
example Case B in the ‘Low Investment in Emissions’ scenario. 
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Equation 12: Evaluation of risk premiums for energy performance (financial) 
𝐸𝑟𝑠𝑛 = 𝑟𝑓 + 𝑠 + 𝐹n1. 𝛽𝑠𝑛1 + 𝐹𝑛2. 𝛽𝑠𝑛2 
Where, 
𝐸𝑟𝑠𝑛 = expected return on asset in the nth scenario. 
𝑟𝑓 = risk free rate. 
s = social rate of time preference. 
𝐹𝑛1 = adjustment to sample mean return on investment on the nth scenario in the systematic ‘No 
Climate Change’ factor . 
𝐹𝑛2 = adjustment to sample mean return on investment on the nth scenario in the systematic ‘Baseline 
Climate Change’ factor. 
Table 54: Financial statistics for Case B in the 'Low Investment in Emissions’ scenario. 
Climate Factor Excess Return Co-Variance Beta Coefficient 
No Climate Change -6.9x10-05 2.8x10-08 1.5 
Baseline Climate Change -5.4x10-04 1.2x10-09 1.3 
 
6.5.4. Calculation of Asset Rating 
A mean vector of annual emissions for both Test and Reference models of each case are calculated 
under each scenario for both climate change factors by calculating the product of the vector of delivered 
energy consumption, for which an example is shown in Table 49, the respective vector of delivered 
energy emission intensity, for which an example is shown in Table 50, before adding the emissions 
generated from grid electricity and gas consumption together. Table 55 shows an example for Case B. 
Table 55: Calculation of 'Test' and 'Reference' building emissions for Case B the 'Baseline Climate Change’ factor in 
the ‘Low Investment in Emissions’ scenario / tCO2eq 
Year Test Reference 
Gas Grid 
Electricity 
Total Gas Grid 
Electricity 
Total 
2010 82.9 336.1 419.0 60.8 349.5 410.2 
2011 82.4 333.0 415.4 60.3 345.4 405.7 
2012 81.8 329.8 411.6 59.9 341.2 401.1 
2013 81.3 326.5 407.8 59.5 337.0 396.5 
2014 80.8 323.2 404.0 59.1 332.8 391.9 
2015 80.2 319.8 400.0 58.7 328.5 387.2 
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Year Test Reference 
Gas Grid 
Electricity 
Total Gas Grid 
Electricity 
Total 
2016 79.7 314.9 394.6 58.3 322.8 381.0 
2017 79.2 310.0 389.2 57.8 317.0 374.9 
2018 78.7 305.0 383.6 57.4 311.2 368.6 
2019 78.1 299.9 378.0 57.0 305.3 362.3 
2020 77.6 294.7 372.3 56.6 299.4 355.9 
2021 77.1 288.0 365.1 56.2 291.9 348.1 
2022 76.5 281.2 357.8 55.7 284.4 340.2 
2023 76.0 274.3 350.3 55.3 276.9 332.2 
2024 75.5 267.3 342.8 54.9 269.2 324.1 
2025 75.0 260.3 335.2 54.5 261.5 316.0 
2026 74.4 256.0 330.4 54.1 256.7 310.8 
2027 73.9 251.6 325.5 53.6 251.8 305.5 
2028 73.4 247.2 320.6 53.2 246.9 300.1 
2029 72.8 242.7 315.5 52.8 241.9 294.7 
2030 72.3 238.1 310.5 52.4 236.9 289.3 
2031 71.9 240.4 312.3 52.2 238.8 290.9 
2032 71.5 242.6 314.2 51.9 240.7 292.6 
2033 71.2 244.9 316.0 51.7 242.6 294.3 
2034 70.8 247.1 317.9 51.5 244.5 295.9 
2035 70.4 249.4 319.8 51.3 246.4 297.6 
2036 70.0 253.2 323.2 51.0 249.8 300.8 
2037 69.6 257.0 326.6 50.8 253.2 304.0 
2038 69.2 260.8 330.1 50.6 256.6 307.2 
2039 68.9 264.7 333.5 50.4 260.0 310.4 
2040 68.5 268.5 337.0 50.2 263.5 313.6 
2041 68.1 269.3 337.4 49.9 263.9 313.9 
2042 67.7 270.1 337.8 49.7 264.4 314.1 
2043 67.3 270.9 338.3 49.5 264.8 314.3 
2044 67.0 271.7 338.7 49.3 265.2 314.5 
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Year Test Reference 
Gas Grid 
Electricity 
Total Gas Grid 
Electricity 
Total 
2045 66.6 272.5 339.1 49.0 265.7 314.7 
2046 66.2 273.4 339.5 48.8 266.1 314.9 
2047 65.8 274.2 340.0 48.6 266.5 315.1 
2048 65.4 275.0 340.4 48.4 267.0 315.4 
2049 65.0 275.8 340.8 48.2 267.4 315.6 
2050 64.7 276.6 341.2 47.9 267.9 315.8 
Standard Emission Rate (SER) vectors are then derived by multiplying the ‘reference’ models total 
emission vectors by a factor of 0.765. Asset Rating (AR) vectors are then produced for each case under 
all climate change factors and energy system scenario’s by dividing the Test model total emissions 
vectors by the corresponding SER vectors and multiplying by a factor of 50. Example Standard Emission 
rate and Asset Rating vectors for Case B are shown in Table 56. 
Table 56: Standard Emission Rate and Asset Rating for Case B in the 'Baseline Climate Change’ factor in the ‘Low 
Investment in Emissions’ scenario 
Year SER AR 
2010 313.8 66.8 
2011 310.4 66.9 
2012 306.9 67.1 
2013 303.3 67.2 
2014 299.8 67.4 
2015 296.2 67.5 
2016 291.5 67.7 
2017 286.8 67.9 
2018 282.0 68.0 
2019 277.2 68.2 
2020 272.3 68.4 
2021 266.3 68.6 
2022 260.2 68.7 
2023 254.1 68.9 
2024 248.0 69.1 
2025 241.8 69.3 
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Year SER AR 
2026 237.7 69.5 
2027 233.7 69.6 
2028 229.6 69.8 
2029 225.5 70.0 
2030 221.3 70.1 
2031 222.6 70.2 
2032 223.8 70.2 
2033 225.1 70.2 
2034 226.4 70.2 
2035 227.7 70.2 
2036 230.1 70.2 
2037 232.6 70.2 
2038 235.0 70.2 
2039 237.5 70.2 
2040 239.9 70.2 
2041 240.1 70.3 
2042 240.3 70.3 
2043 240.4 70.3 
2044 240.6 70.4 
2045 240.8 70.4 
2046 240.9 70.5 
2047 241.1 70.5 
2048 241.2 70.5 
2049 241.4 70.6 
2050 241.6 70.6 
 
6.6. Results and Analyses 
Here cross-examinations are made between cases and evaluating methodologies. Financial risk 
assessments are made for all the case studies as an assumed market. The significance of rental value to 
financial risk is explored for each specific case, followed by comparisons between the results of the 
financial evaluations and those of the NCM methodology. 
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6.6.1. Financial Evaluation 
Table 57 provides descriptive statistics of estimated risk to the market sample under each scenario and 
climate change factor. The table shows how in the ‘No Climate Change’ factor: the ‘Low Investment 
in Energy’ scenario is the most financially beneficial, with a positive outlook and relatively low standard 
deviation; and the ‘High Investment in Energy’ scenario is financially least beneficial, with the most 
negative outlook and relatively large standard deviation. The table also shows the correction for the 
‘Baseline Climate Change’ factor: is least severe under the ‘High Investment in Emissions’ scenario 
with the least negative outlook; and is most sever under the ‘Low Investment in Emissions’ scenario, 
with the most negative outlook and largest standard deviation. 
Table 57: Mean average and standard deviation of risk to market sample under each scenario and climate change 
factor. 
Factor No Climate Change Baseline Climate Change 
Scenario 
Low Inv. 
in Emiss. 
High Inv. 
in Emiss. 
Low Inv. 
in Energy 
High Inv. 
in Energy 
Low Inv. 
in Emiss. 
High Inv. 
in Emiss. 
Low Inv. 
in Energy 
High Inv. 
in Energy 
Mean 
Average 
-6x10-05 -3.4x10-04 2.3x10-05 -3.6x10-04 -3.6x10-04 -2.4x10-04 -2.5x10-04 -2.6x10-04 
Standard 
Deviation 
1.6x10-04 1.9x10-04 1.6x10-04 1.9x10-04 2.8x10-05 2.6x10-05 2.4x10-05 2.7x10-05 
Beta coefficients for each case under each energy scenario and climate change factor are shown in Table 
58. These coefficients provide an indication of the sensitivities of specific assets to different exogenous 
conditions. The table demonstrates that asset sensitivity in the ‘No Climate Change’ factor is relatively 
consistent across all energy scenarios. In the ‘Baseline Climate Change’ factor the sensitivities of the 
case studies varied slightly with changes to the ‘investment’ critical uncertainty of the energy system 
scenarios. 
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Table 58: Beta coefficients under each scenario and climate change factor for every case. 
Factor No Climate Change Baseline Climate Change 
Scenario 
Low Inv. 
in Emiss. 
High Inv. 
in Emiss. 
Low Inv. 
in Energy 
High Inv. 
in Energy 
Low Inv. 
in Emiss. 
High Inv. 
in Emiss. 
Low Inv. 
in Energy 
High Inv. 
in Energy 
A 1.8 1.8 1.8 1.8 1.3 1.2 1.3 1.2 
B 1.1 1.1 1.1 1.1 1.5 1.7 1.5 1.7 
C 1.1 1.1 1.1 1.1 1.1 1 1.1 1 
D 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
E 1 1 1 1 0.9 0.7 0.9 0.7 
F 1.9 1.9 1.9 1.9 1.7 1.2 1.7 1.2 
Figure 76 illustrates the relationship between the financial evaluations of building energy performance 
and emissions as a proportion of rent in 2010 in the ‘Low Investment in Emissions’ energy scenario. 
Recognising that the sample size is extremely small, the figure illustrates the potential support for a 
linear inverse relationship between present day emissions as a proportion of rent and excess return for 
energy performance. What is clear is the relatively significant effect of internalising the social cost of 
emissions into accounting, where corrected values represent potentially five times the loss in value.
 
Figure 76: Excess return for energy performance in the 'Low Investment in Emissions’ energy scenario. 
Figure 77 illustrates the relationship between the financial evaluations of building energy performance 
and emissions as a proportion of rent in 2010 in the ‘High Investment in Emissions’ energy scenario. 
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Recognising that the sample size is extremely small, this figure also illustrates the potential support for 
a linear inverse relationship between present day emissions as a proportion of rent and excess return for 
energy performance. Here the effect of internalising the social cost of emissions does not have quite the 
significance as in the ‘Low Investment in Emissions’ scenario, but the impact is still noticeable and in 
some cases almost doubles the potential for loss in financial value. 
 
Figure 77: Excess return for energy performance in the 'High Investment in Emissions’ energy scenario. 
Figure 78 illustrates the relationship between the financial evaluations of building energy performance 
and emissions as a proportion of rent in 2010 in the ‘Low Investment in Energy’ energy scenario. 
Recognising that the sample size is extremely small, this figure also illustrates the potential support for 
a linear relationship between present day emissions as a proportion of rent and excess return for energy 
performance. Here the effect of internalising the social cost of emissions into accounting is quite 
significant, correcting the outlook from positive to negative and particularly effecting cases of high 
emissions as a proportion of rent. 
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Figure 78: Excess return for energy performance in the 'Low Investment in Energy’ energy scenario. 
Figure 79 illustrates the relationship between the financial evaluations of building energy performance 
and emissions as a proportion of rent in 2010 in the ‘High Investment in Energy’ energy scenario. 
Recognising that the sample size is extremely small, this figure also illustrates the potential support for 
a linear inverse relationship between present day emissions as a proportion of rent and excess return for 
energy performance. Here the effect of internalising the social cost of emissions into accounting is 
relatively significant, in some cases doubling the potential for loss in value. 
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Figure 79: Excess return for energy performance in the 'High Investment in Energy’ energy scenario. 
 
6.6.2. Comparing the NCM and Financial Assessments 
Figure 80 illustrates the relationship between the financial evaluations of building energy performance 
and the NCM methodology in the ‘Low Investment in Emissions’ energy scenario. Recognising that 
the sample size is extremely small, the figure illustrates that a relationship between these two methods 
in this scenario appears unsupported. 
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Figure 80: Comparisons between building energy performance evaluations using the financial and NCM 
methodologies in the ‘Low Investment in Emissions’ scenario. 
Figure 81 illustrates the relationship between the financial evaluations of building energy performance 
and the NCM methodology in the ‘High Investment in Emissions’ energy scenario. Recognising that 
the sample size is extremely small, the figure illustrates that a relationship between these two methods 
in this scenario appears unsupported. 
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Figure 81: Comparisons between building energy performance evaluations using the financial and NCM 
methodologies in the ‘High Investment in Emissions’ scenario. 
Figure 82 illustrates the relationship between the financial evaluations of building energy performance 
and the NCM methodology in the ‘Low Investment in Energy’ energy scenario. Recognising that the 
sample size is extremely small, the figure illustrates that a relationship between these two methods in 
this scenario appears unsupported. 
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Figure 82: Comparisons between building energy performance evaluations using the financial and NCM 
methodologies in the ‘Low Investment in Energy’ scenario. 
Figure 83 illustrates the relationship between the financial evaluations of building energy performance 
and the NCM methodology in the ‘High Investment in Energy’ energy scenario. Recognising that the 
sample size is extremely small, the figure illustrates that a relationship between these two methods in 
this scenario appears unsupported. 
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Figure 83: Comparisons between building energy performance evaluations using the financial and NCM 
methodologies in the ‘High Investment in Energy’ scenario. 
Comparisons between the annual time series of income of the various cases using the financial 
methodology and asset ratings derived from the NCM methodology under each explorative scenario 
and both factors have been made by evaluating Pearson correlation coefficients between the two 
variables. 
Table 59 and Table 60 show Pearson R coefficients and probabilities of significant association between 
NCM and financial methodology performance indicators in the ‘No Climate Change’ and ‘Baseline 
Climate Change’ factors respectively. The findings show some significant negative and positive 
associations between corresponding NCM asset rating and energy performance (financial) under the 
various energy system scenarios and climate change factors . However, these associations are 
inconsistent across cases, follow no clear pattern and defy explanation in relation to the buildings 
attributes and changes in the emissions intensity of delivered energy sources.  
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Table 59: Pearson’s correlations between mean average NCM and mean average standardised cost in across all cases 
for the ‘No Climate Change’ factor18. 
Pearson’s Test 
Statistic under 
each scenario / 
Typological case 
Low Investment in 
Emissions 
High Investment in 
Emissions 
Low Investment in 
Energy 
High Investment in 
Energy 
R P-Value R P-Value R P-Value R P-Value 
A -0.79 0.00** -0.47 0.00** -0.98 0.00** -0.39 0.01** 
B 0.37 0.02* 0.37 0.02* 0.96 0.00** 0.23 0.16 
C -0.14 0.38 -0.29 0.07 -0.93 0.00** -0.11 0.50 
D 0.05 0.76 0.31 0.05 0.94 0.00** 0.13 0.42 
E -0.50 0.00** 0.25 0.11 0.91 0.00** 0.02 0.90 
F -0.56 0.00** 0.23 0.14 0.90 0.00** -0.01 0.97 
 
Table 60: Pearson’s correlations between mean average NCM and financial performance indicators across all cases 
for the ‘Baseline Climate Change’ factor19. 
Pearson’s Test 
Statistic under 
each scenario / 
Typological case 
Low Investment in 
Emissions 
High Investment in 
Emissions 
Low Investment in 
Energy 
High Investment in 
Energy 
R P-Value R P-Value R P-Value R P-Value 
A -0.20 0.22 -0.58 0.00** -0.98 0.00** -0.53 0.00** 
B -0.75 0.00** 0.37 0.02* 0.94 0.00** 0.19 0.24 
C -0.81 0.00** -0.51 0.00** -0.95 0.00** -0.53 0.00** 
D -0.51 0.00** 0.39 0.01* 0.96 0.00** 0.23 0.15 
E 0.62 0.00** 0.61 0.00** 0.98 0.00** 0.46 0.00** 
F 0.35 0.03* 0.52 0.00* 0.97 0.00** 0.46 0.00** 
                                                     
18* = <0.05% probability of a null hypothesis; ** = <0.01% probability of a null hypothesis. 
19* = <0.05% probability of a null hypothesis; ** = <0.01% probability of a null hypothesis. 
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7. Discussion 
This chapter draws together and summarises that which has been achieved in this research. It restates 
the research purpose and aims, explaining how these were addressed. It provides a brief summary as to 
the research findings and provides a concise evaluation. 
This research seeks to explore the relationship between expectations of building energy performance 
and financial risks to real estate assets. The context of the United Kingdom was selected as a leading 
case, being the largest economy to enact legislation that commits the government to delivering 
ambitious emission reductions to mitigate climate change impacts. It explores a 40 year time horizon 
up to the year 2050. This allows for the opportunity for significant system wide change and emission 
abatement. Taking a constructivist-pragmatist approach, appropriate instruments are identified, policy 
evaluated and a framework for evaluation developed which was applied to a diverse set of case studies. 
In Section 7.1 the aim of Study 1 is re-stated along with a brief description of how the aim was addressed 
and the support given to the hypotheses by the findings. In Section 7.2 the aim of Study 2 is re-stated 
along with a brief description of how the study objectives were addressed. Section 7.3 states the aim of 
Study 3 and describes the support given to hypotheses based upon its findings. In Section 7.4 the entire 
research project is evaluated, with a particular focus on the relative strengths and weaknesses of the 
instruments and tools employed. 
 
7.1. Energy Performance Certification as a Signal of Workplace Quality 
Aim 1: Validate that Energy Performance Certificates are an appropriate signal of facility energy 
performance (financial). 
This aim was addressed through surveying occupant satisfaction with office facilities using a multi-
item rating scale, and determining correlations between occupant responses to this satisfaction scale 
and their facilities EPC rating and rental value. 
Hypothesis 5.1: EPC asset ratings, as a measure of service performance, are associated with occupant 
satisfaction with energy performance. – Supported. 
EPCs have been demonstrated to not only be valid indicators of occupant satisfaction with energy 
performance, but also occupant satisfaction with all services that their office facility provides. 
Assuming that this finding holds generally, EPCs would provide a signal to office markets that has the 
potential to align investment in the facility so that it more effectively contributes towards environmental 
and human capital, and thus overall social productivity. 
It is clear that EPCs are not directly measuring occupant satisfaction, plausible explanations for such 
findings are: significant improvement of one attribute of a facility requires consequential improvements 
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to others; property managers who succeed in addressing energy performance are also adept at providing 
facilities with other attributes of similar quality; the ability of design teams to address energy 
performance is indicative of how well they can address other attributes in developing facilities; 
organisations, with whom job satisfaction is high, occupy facilities with high energy performance. 
Hypothesis 5.2: Rental value is associated with all aspects of facility satisfaction. – Rejected. 
Rental value was found only to be associated with occupant satisfaction with facility aesthetics. This 
suggests that either the theoretical framework employed in this study is flawed, or that there are 
significant barriers to prospective facility occupiers appropriately appraising the worth of office 
facilities resulting in widespread market failure. This study may provide further empirical support that 
principal-agent relationships in real estate contracting could have contributed to increased costs for 
social productivity. On this evidence EPCs provide information that could be more useful to prospective 
tenants and owners than recent common practice in appraising facility quality. 
Hypothesis 5.3: Rental value is associated with occupant attitudes towards their facilities 
environmental performance or operational environmental impact. – Rejected. 
There is no evidence to suggest that occupant attitudes towards the environment have affected rental 
value. The findings indicate that any rental premiums for facilities with favourable EPCs observed from 
historical UK data would be most likely a result of confounding associations between EPCs and 
occupant satisfaction with facility aesthetics. 
 
7.2. Expectations for Systems Supporting the Built Environment 
Aim 2: Explore plausible descriptions of systems supporting building energy performance in the UK 
towards 2050 for the UK. 
This aim was addressed in Section 5 through identifying critical driving forces of change in effecting 
expectations for the energy performance of UK property and quantifying plausible, explorative 
descriptions that test the extents of system constraints towards 2050. Through applying these scenarios 
to evaluate plausible system change, a credible assessment of expectations for systematic risk to 
building energy performance can be made. 
Objective 1: Explore uncertainties to identify a critical combination of driving forces of change. 
This study took a qualitative approach to triangulate a critical combination of driving forces for 
uncertainty in the management of energy performance. Initially, an empirical approach was taken that 
involved a widespread qualitative survey of drivers followed by a structured workshop to gather the 
perspectives of advisors and practitioners. Although many insights were gained through this exercise, 
it became apparent that the resulting scenario framework was not readily quantifiable. It also did not 
seem to adequately distinguish between the future development at international and national levels. 
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Therefore, further refinement of the scenario framework was made through a literature review. The 
resulting critical uncertainties are illustrated in Figure 19: preferences/attitudes of UK residents in 
consideration of alternative physical measures of consumption in response to sustainability concerns; 
and investment in the UK energy system. Additionally, an international critical uncertainty was 
identified which was internalised into accounting as an additional factor, for which all four energy 
scenarios apply: the extent of climate change. 
Objective 2: Synthesise a scenario framework by identifying internally consistent methods for testing 
the extents of supply side constraints. Analyse all scenario end-states and identify those that reflect 
plausible extreme conditions. Produce back-cast, quantitative descriptions of system development in 
each explorative scenario. 
This was achieved through the scenario building discussed in Section 5.4. To initiate this, the issue of 
setting an appropriate social discount rate that adequately reflected the UK context was initially 
addressed by adopting the rigorous findings of other researchers. Following this, expectations for the 
climate and energy systems were explored independently as two distinct factors. For each, appropriate 
tools were identified that allowed for the testing of supply constraints. 
Through implementing the scenario framework it was possible to develop a time-series of quantitative 
and internally consistent scenario descriptions through a broad exploration of demand and supply 
variables discussed in Section 5.5. The results were described, followed by a synthesis of the prices and 
emission intensities of delivered energy sources under each scenario for both factors described in Table 
28 and Table 29. 
Objective 3: Consider the implications of the scenarios by identifying strategies for the development 
of the UK energy system that appear particularly strong and/or weak and the critical strategic decisions 
that will have pivotal effects in achieving UK policy aims. 
A resilient strategy is one that appears to be adopted regardless of the drivers that eventually dominate. 
By looking across the UK energy scenarios and identifying strategies present in all of them, resilient 
interventions were identified through this research. The scenarios appear to suggest that a strategy of 
promoting further electrification of heating, ventilation and air-conditioning of commercial property 
would be a resilient approach for business towards 2050. It also seems that diversifying non-electric 
energy sources for commercial property away from gas is a resilient approach, although it is not clear 
which energy source to move towards. 
A weak strategy is one that may only be adopted subject to specific futures dominating. Further 
investment in carbon capture and storage power stations appears to be indicated as weak, being only a 
feature of the ‘High Investment in Energy’ scenario. Another weak strategy would be not to invest 
further in storage, demand and interconnection to balance energy supply and demand as this is only a 
feature of the ‘Low Investment in Emissions’ scenario. 
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The Government’s recently published Carbon Plan explicitly states the following objectives for national 
energy policy: “achieving the first four carbon budgets”, requiring investment in greenhouse gas 
emissions; and “minimising cost to consumers”, minimising investment in energy. From these scenarios 
the development of nuclear power to generate considerable quantities of electricity, whilst having a 
relatively minor impact on global warming, seems to be a pivotal issue. In scenarios that might be 
thought to achieve policy outcomes nuclear power was employed with maximum effort. In the two 
scenarios where perhaps policy objective were not achieved, no effort was made. 
The development of renewables, reducing and re-engineering domestic and industrial energy demand, 
and a transition towards zero emission and hybrid cars are indicative of highly invested strategies. 
 
7.3. Evaluation of Energy Performance 
Aim 3: Evaluate the energy performance of commercial property assets using statutory and best practice 
methodologies towards 2050. 
The aim of this study was addressed through employing two assessment methodologies to estimate risks 
to a diverse selection of typological cases inspired by real life contemporary buildings: the NCM 
methodology for assessing energy performance; and a methodology for evaluating relative 
approximations of financial risk relating to energy performance based upon arbitrage pricing theory. 
The findings were used to evaluate six hypotheses: 
Hypothesis 7.1: The energy performance of the case studies will improve towards 2050 – rejected. 
Table 57 describes mean estimates of market risk under all scenarios and climate change factors. The 
table demonstrates how only the ‘Low Investment in Energy’ energy scenario provides a positive 
outlook in the ‘No Climate Change’ factor. However, in correcting for the ‘Baseline Climate Change’ 
factor the outlook under all scenarios is negative. Figure 76, Figure 77, Figure 78 and Figure 79 confirm 
that each specific case has a negative outlook under all scenarios in accounting for the social cost of 
emissions. These findings are at odds with the conclusions of De Wilde and Tian who assert that risks 
to the energy performance of office buildings due to a warming climate and in some cases may even 
improve over time (de Wilde & Tian, 2010; de Wilde & Tian, 2012). This contradiction is probably 
best explained by the fact that De Wilde and Tian have accounted for the plausible effects of future 
changes to the weather in reducing annual energy consumption for heating purposes, but have 
externalised the social costs associated with such climate change and plausible changes to the national 
energy system in response to such risks. 
Hypothesis 7.2: Evaluations of energy performance (compliance) using the NCM methodology are 
indicative energy performance (financial).- rejected. 
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Figure 80, Figure 81, Figure 82 and Figure 83 do not support the potential for any relationship between 
the NCM methodology and energy performance (financial). 
Hypothesis 7.3: Income from building energy performance (financial) correlates significantly with 
signals derived from the NCM methodology – rejected. 
Table 59 and Table 60 show Pearson R coefficients and probabilities of significant association between 
NCM and financial methodology performance indicators in the ‘No Climate Change’ and ‘Baseline 
Climate Change’ factors respectively. The findings show some significant negative and positive 
associations between corresponding NCM asset rating and energy performance (financial) under the 
various energy system scenarios and climate change factors. However, these associations are 
inconsistent across cases, follow no clear pattern and defy explanation in relation to the buildings 
attributes and changes in the emissions intensity of delivered energy sources. 
Hypothesis 7.4: Internalising the social impact of climate change within accounting methods is of 
significance to the contribution of energy performance (financial) to asset values – supported. 
Figure 76, Figure 77, Figure 78 and Figure 79 support the perspective that accounting for the social cost 
of emissions in the evaluation of energy performance (financial) is relatively significant, affecting asset 
values by a factor of approximately 2 to 5 depending on energy system scenario. However, when 
considering energy performance (financial) risks relative to other factors that may affect property 
values, such risks appear very small. Figure 77 illustrates that for the most affected case under the most 
unfavourable energy system scenario, excess return for energy performance (financial) is less than -
0.1%. This differential is not of the same order of magnitude as the transaction premiums observed for 
the Energy Star labelled offices in the USA shown in Table 4, where estimates anywhere between 6% 
and 26% were observed. 
 
7.4. Research Evaluation 
The findings and instruments developed within this research were the result of three distinct studies, 
each with their own limitations. 
Although the construct included within the widespread analytical survey was found to be reliable and 
with a degree of criterion related validity it does have certain limitations. It is unlikely that the construct 
included the entire range of items required to rigorously survey workplace facility satisfaction. There 
may be other important factors or features of facility performance worth including. It is also the case 
that the findings of the survey do not claim to be valid for a truly representative or random sample. Even 
so, it is still possible to confirm or reject study hypotheses and provide new insight. 
This research explores the future of energy management in the built environment and seeks to make 
rational ex-post evaluations of historic observed expert judgements, as opposed to ex-ante speculation. 
Aidan Parkinson 
Page 203 
Therefore, the findings are highly dependent on the quality of information available to contributors. It 
is also important to note that this research is temporally and contextually dependent, and should be 
continually re-evaluated when analysing alternative contexts and time-periods to those studied here. 
The exploration of futures for systems supporting the energy management of UK property was highly 
dependent on the judgements of those that took part in the driver survey and facilitated workshops by 
Parkinson et al (Parkinson, et al., 2012). Much of the analyses are contingent on the assumptions of the 
DECC 2050 Pathways Calculator. They are also limited by the expense of computer processing, with 
only the most significant 150,994,944 iterations of the DECC 2050 Pathways Calculator explored. The 
quality of the DECC 2050 Pathways Calculator is dependent on it inviting scrutiny from the general 
public. The tools value is contingent on the quantity and quality of contributions towards it. It may also 
be necessary to re-orientate the scenarios through correcting the critical uncertainties adopted if they 
are overtaken by events. The emerging prospect of hydraulic fracturing of gas-bearing shales could be 
an example of this. 
The study adopted a method of using typological cases inspired and informed by real life contemporary 
buildings, where each case is represented as fully as possible by the real life building with explicit 
limitations. By employing building simulation one can study the behaviour of buildings to future change 
in weather and readily make comparisons against proposals to reposition assets. However, due to 
limitations in the availability of certain data and the imperfect nature of the modelling tool, it was 
considered unfeasible to develop cases that could be present with confidence as highly accurate 
representations of actual buildings. Even so, buildings simulations carried out within this research were 
peer reviewed by an expert professional, who commented on methodological limitations and 
deficiencies. It has been recognised that the findings of building simulation presented in this dissertation 
were not in close agreement with TM46 building energy consumption benchmarks. Much of the 
discrepancy may be explained by: the exclusion of equipment and external lighting loads from the 
results of building simulation; the unrealistic and idealised occupancy and operation profiles of the 
NCM methodology; and the inherent inaccuracy of the TM46 method. 
The impact of changes in future weather conditions on the predicted quantity of energy consumed by 
building simulation was found to hardly effect the estimation of energy performance (financial) at all. 
This calls into question whether building simulation need be considered an appropriate tool for 
conducting such analysis, and whether the use of metered consumption data may be a more valid, robust 
approach that requires less effort to scale. 
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8. Conclusions, Recommendations and Further Work 
The final section of this dissertation provides an outline of its most significant contributions, what they 
mean for society and explores new avenues of endeavour to further advance this area of work. Section 
8.1 is a concise conclusion as to the key elements to consider arising from this research. Section 8.2 
provides recommendations for both the private and public sector to consider in applying the 
contributions of this research. Interesting areas of further work arising from this research are given in 
Section 8.3. 
 
8.1. Conclusions 
The quality of a facility is dependent on the performance of utility infrastructure and local weather 
conditions, its social context and design. Improvements in facility quality, including energy 
performance, effectively reduce the marginal costs of consumption for occupiers and increase asset 
values. Therefore, the ability to identify opportunities for creating such value through appropriately 
evaluating expectations of future energy performance should be of interest to property investors and 
asset managers. This research asked the question: “How can market risks arising from expectations for 
the energy performance of real estate be appropriately evaluated?” 
This question was addressed by: evaluating best practice methodologies in a literature review; 
observations as to the use of existing methods through a widespread analytical survey; a futures study 
exploring expectations for systems supporting the energy performance of buildings; and a further study 
exploring the implications of such futures to the energy performance (financial) of typological cases 
inspired by real life buildings which were compared to the signals of statutory instruments. 
An initial contribution of this research was to make reliable and valid field observations of the 
relationship between EPCs and financial performance. It appears to be the case that any financial 
investment returns attributed to EPCs are unlikely to be the result of building energy performance 
(financial), but rather its confounding association with overall facility quality. 
The evidence suggests that contractual arrangements between landlord and occupier can have an effect 
on occupant satisfaction with their property managers’ understanding of sustainability needs. This study 
also supports the view that engaged property managers have a better understanding of occupant needs 
and are able to provide more satisfying working environments, particularly in relation to performance 
measures. In workplace locations less satisfying for respondents, property managers were less engaged 
with occupiers. Therefore, it may be inferred that in situations where occupants and landlords have 
stronger ties to each other, occupants are likely to be provided with a more satisfactory experience in 
the facilities that they occupy. 
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Further contributions of this research were the result of a novel exhaustive exploration of futures for 
supporting systems of building energy performance. The descriptions developed were then applied to 
typological cases informed by real buildings for financial and statutory assessment. The descriptions of 
expectations were constrained to the UK context. They are based upon an exhaustive explorative search 
of future conditions, are contingent on an axes of critical uncertainties primarily developed through 
empirical data collection and describe pathways for each scenario that are constrained only by the limits 
of plausibility. 
These futures provide a framework of assumptions for use in evaluating the energy performance of 
buildings. This research applied two alternative methodologies for assessing building energy 
performance: NCM; and a financial method. The method of financial evaluation applied may be 
preferable to the NCM, as it allows for the results of energy assessment to be communicated using 
financial metrics that can be readily compared with other investment opportunities and asset classes, 
such as securities. This method of evaluation also has the ability to appropriately describe the financial 
effects of internalising the social costs of climate change into valuation and employs widely available 
tools allowing for immediate application. 
This research compared evaluations of building energy performance using the NCM and financial 
methods for six case studies in an internally consistent manner. Based upon the evidence provided by 
these case studies, a relationship between the NCM and energy performance (financial) is unclear. 
Further, this study has identified many limitations to modelling approaches to assessing building energy 
performance, employed by the NCM. The imperfect nature of the building simulation tools and the 
degree of incomplete information generally calls into question assessment validity. As a result, the 
evidence presented in this research suggests that any observable premiums for energy performance 
certification or labelling schemes are likely the result of a confounding associated quality factor. 
The financial methods for evaluating energy performance developed in this research could provide a 
more useful and comparable basis for assessment of building energy performance than equivalent 
statutory instruments. Financial methods that explore the full range of future uncertainty internalise 
considerations as to the significance of energy performance relative to a properties social context, 
expectations and other qualities not immediately associated with energy use. The signals derived using 
financial methods are also immediately comparable with other investment opportunities, even other 
asset classes. 
 
8.2. Recommendations 
Investment in real estate represents a relatively long-term strategic commitment. Common 
understanding of environmental depreciation arising through development has influenced many 
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people’s perceptions of consumption. This observed change in consumer demands, reflected in policy, 
could represent an emerging risk to value that requires immediate attention. 
For an asset manager to appropriately respond it is necessary to explore what could happen to the 
complex systems that support the performance of buildings over durations in which whole system 
transformation can potentially occur. Each asset’s specific sensitivities to such systematic changes need 
be evaluated within an appropriate internally consistent, plausible and challenging framework to deduce 
value at risk. In doing so, the intrinsic performance of buildings to a broad range of futures can be 
considered. 
The financial method for evaluating energy performance developed within this research could provide 
a useful and comparable basis for decision-making. The method may appropriately account for the 
effects of internalising considerations as to the significance of energy performance relative to a 
properties social context, an entire range of plausible futures and other qualities of a building not 
immediately associated with energy use. It is also scalable from the individual case to entire markets. 
If adopted, appropriate signals could be made that describe the impact to energy performance (financial) 
in considering an environment where the social cost of greenhouse gas emissions are internalised. 
As for EPCs and the NCM, these provide simple information to assist prospective tenants and investors 
with understanding how satisfying a facility will be on occupation. Therefore, it is recommended that 
they pay high regard to these indicators. However, there is no evidence to support the view of a causal 
relationship between EPCs and rental value. The evidence presented in this research shows that 
confounding associations between energy performance labels and certificates and overall facility 
quality are most likely the reason for any rental premiums observed for such schemes. 
This research also demonstrates how occupiers are likely to be more satisfied in situations where they 
have greater ownership of their workplace. Therefore, stronger engagement between tenants and 
asset/facilities managers should be encouraged to promote occupant satisfaction. 
 
8.3. Further Work 
Throughout this research areas of further work have been identified that may prove worthwhile: 
 
Market Development 
Financial evaluations of energy performance were limited by the number of cases evaluated. In order 
that market risks to energy performance are carried out more rigorously they need to be executed widely 
within a market. This could be more easily achieved if the evaluations were made using metered 
consumption data, rather than building simulation. How can investors and asset managers be convinced 
of taking such a long-term perspective? 
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Building Retrofit and Refurbishment 
The financial methods for evaluating the energy performance of assets described within this dissertation 
can be used to evaluate the benefits of building retrofit options to re-position assets. This can be 
achieved through conducting similar financial evaluations of energy performance for retrofit or 
refurbishment options and assessing sensitivities of each asset to the intervention. Which interventions 
show greatest financial benefits in increased energy performance? Do any interventions outweigh 
potential costs? 
 
Global Energy System Futures 
Since carrying out this study of building energy performance in the UK, the Department of Energy and 
Climate Change has contributed towards the development of an international energy calculator. In an 
increasingly globalised world international changes to the energy system may be more significant than 
anything that might take place regionally. How can explorative scenarios of the international energy 
system be developed? Would it be appropriate to use similar axes of critical uncertainties as developed 
in this research? How useful could international energy system descriptions be? 
 
District Scale Decision Making 
The assessment methodologies applied to the cases within this dissertation can be scaled, which may 
provide a basis for making investment appraisals of the benefits of energy infrastructure to large-scale 
developments. How can the benefits of district heating and distributed generation be communicated to 
investors and asset managers? 
 
Technology Review 
To ensure that the decision support frameworks outlined in this research continue to be applied and 
improved it is important to constantly review the latest scientific understanding of supply system 
constraints and critical drivers, particularly market preferences. It would also be highly important to 
consider the benefits of adopting alternative tools and instruments that may emerge through 
competition. How could our understanding of the future conditions of energy systems and the climate 
evolve? What future technologies could improve the execution of this research? 
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Appendices 
Appendix 1: Register of Collaborators 
Objective Collaborator Contribution 
Validate that Energy Performance 
Certificates are an appropriate signal 
of facility energy performance. 
Mr Robert De Jong, LessEn Project 
Manager, Urban Land Institute. 
Development of survey; 
coordination of survey distribution; 
co-author of research journal article 
and conference paper. 
Dr Alison Cooke, Founding Associate, 
Cooke Associates. 
Co-author of research journal 
article and conference paper. 
Professor Peter Guthrie, Director of 
Centre for Sustainable Development, 
Cambridge University Engineering 
Department. 
Co-author of research journal 
article and conference paper. 
The Urban Land Institute; The Low 
Carbon Workplace Ltd; Open City 
Network; UK Green Building Council; 2 
Degrees Network; Planet Positive; 
EcoConnect; Better Buildings 
Partnership; British Institute of Facilities 
Management; Cambridge Programme 
for Sustainability Leadership; Modern 
Built Environment Knowledge Transfer 
Network. 
Distribution and promotion of 
survey. 
Explore plausible descriptions of 
systems supporting building energy 
performance in the UK towards 2050 
for the UK. 
Dr Theo Hacking, Programme Director, 
Cambridge Programme for 
Sustainability Leadership. 
Research design, survey analyses 
and workshop facilitation to 
identify driving forces and develop 
explorative scenario matrix. 
Writing of an initial draft of a 
research report. Co-author of 
research journal article. 
Ms Kayla Friedman, PhD Candidate, 
Centre for Sustainable Development, 
Cambridge University Engineering 
Department. 
Workshop facilitation; delivery of 
glossy research publication; co-
author of research journal article 
publication. 
Dr Alison Cooke, Founding Associate, 
Cooke Associates. 
Co-author of research journal 
article. 
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Objective Collaborator Contribution 
Professor Peter Guthrie, Director of 
Centre for Sustainable Development, 
Cambridge University Engineering 
Department. 
Co-author of research journal 
article. 
Ms Judith Britnell, Research Fellow, 
Real Estate and Land Policy Group, 
School of the Built Environment, Oxford 
Brookes University. 
Research design, survey analyses 
and workshop facilitation to 
identify driving forces and develop 
explorative scenario matrix. 
Ms Tatiana Vakhitova; Ms Maria-
Christina Georgiadou; Ms Jenny Ya He; 
Ms Jeonghwa Ye, PhD Candidates, 
Centre for Sustainable Development, 
Cambridge University Engineering 
Department. 
Workshop facilitation. 
Ilaria Frau-Hipps, PhD Candidate / 
Scenarios and Future Studies 
Consultant, Institute for Manufacturing, 
Cambridge University Engineering 
Department. 
Workshop facilitation and research 
design. 
Jeff Vickers, Senior Consultant, PE 
International. 
Research design. 
Vicki Deeley. Writing of scenario descriptions in 
a ‘journalistic style’. 
Grosvenor Group Provision of a venue and catering 
for facilitated workshops. 
Evaluate the expected energy 
performance of commercial property 
assets using statutory and best practice 
methodologies towards 2050. 
Bevan Brittan LLP, CBRE Ltd., the 
Environment Agency, WS Atkins PLC, 
Hoare Lea and Partners and Grosvenor 
Group 
Arranging access to case studies, 
guided tours of buildings, and 
retrieval of archived data. 
Professor Peter Guthrie, Director of 
Centre for Sustainable Development, 
Cambridge University Engineering 
Department. 
Co-author of research journal 
article and conference paper. 
Dissertation Dr Alison Cooke, Founding Associate, 
Cooke Associates. 
Proof-reading of original 
submission. 
Dr Theo Hacking, Programme Director, 
Cambridge Programme for 
Sustainability Leadership. 
Supervision and proof-reading of 
resubmission 
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Objective Collaborator Contribution 
Chris Twinn, Founder of Twinn 
Sustainability Innovation 
Proof reading and comment on 
draft dissertation prior to 
resubmission. 
Professor Peter Guthrie, Director of 
Centre for Sustainable Development, 
Cambridge University Engineering 
Department. 
Supervision and proof reading of 
resubmission. 
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Appendix 2: Approved software interfaces to SBEM and Dynamic Simulation Models (DSM) (Department for 
Communities and Local Government, 2012) 
Software Name  Company/ 
Vendor  
Software 
Type  
Engine/ 
SpecVersion 
1st 
Version 
Approved  
Date 1st 
Approved  
Latest 
Version 
Approved  
Date Re -
Approved  
AC Reporter  ECMK  A/C 
Inspection 
Reporting 
software  
-  v1.0  11-Apr-12 v1.0  11-Apr-12 
AIRS  QUIDOS 
Limited  
A/C 
Inspection 
Reporting 
software  
-  v1.2  29-Jul-09 v2.0  07-Apr-11 
digital energy i-Prophets 
Energy 
Services  
ORCalc 
software  
ORCalc 
v3.6.1  
v2.0  10-Jul-08 v3.1  06-Apr-11 
LifeSpan DEC  Property-
Tectonics Ltd  
ORCalc 
software  
ORCalc 
v3.6.1  
v1.05.02  13-Jan-09 v3.6.0  07-Apr-11 
DEC Assessor  IES Ltd  ORCalc 
software  
ORCalc 
v3.6.1  
v1.0b1  24-Oct-08 v5.0  21-Apr-11 
Sigma DEC  TEAM  ORCalc 
software  
ORCalc 
v3.6.1  
v4.0  29-Aug-
08 
v3.6  07-Apr-11 
Virtual 
Environment  
IES Ltd  DSM 
software 
for EPC 
and Part L 
2010  
Proprietary 
engine NCM 
modelling 
guide (on-
going draft 
published 
May 2010)  
v6.2.0  01-Oct-10 v6.4.0  11-Apr-11 
EPLabel Camco/EPES  ORCalc 
software  
ORCalc 
v3.6.1  
v1.0  29-Aug-
08 
v2.4  14-Apr-11 
Hevacomp 
Simulator V8i  
Bentley 
Systems (UK) 
Ltd  
DSM 
software 
for EPC 
and Part L 
2010  
EnergyPlus 
v4.0 NCM 
modelling 
guide (on-
going draft 
published 
May 2010)  
v25.01  01-Jun-11 v25.01  01-Jun-11 
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Software Name  Company/ 
Vendor  
Software 
Type  
Engine/ 
SpecVersion 
1st 
Version 
Approved  
Date 1st 
Approved  
Latest 
Version 
Approved  
Date Re -
Approved  
TAS  Environmental 
Design 
Solution 
Limited  
DSM 
software 
for EPC 
and Part L 
2010  
Proprietary 
engine NCM 
modelling 
guide (on-
going draft 
published 
May 2010)  
v9.2  14-Dec-10 v9.2.1  14-Apr-11 
ORToolkit SystemsLink ORCalc 
software  
ORCalc 
v3.6.1  
v1.0.0  27-Aug-
08 
v3.6  06-Apr-11 
AirCon 
Software  
DCLG  A/C 
Inspection 
Reporting 
software  
-  v1.3.2  22-Dec-09 v2.0.6  07-Sep-11 
ORCalc DCLG  ORCalc 
software  
ORCalc 
v3.6.1  
v3.6.1  10-Jul-08 v3.6.1  06-Apr-11 
iSBEM DCLG  FI-SBEM 
software 
for EPC 
and Part L 
2010  
SBEM v4.1.d  v4.1.d  05-Apr-11 v4.1.c  30-Nov-
11 
SBEM Online  NES Ltd  FI-SBEM 
software 
for EPC 
and Part L 
2010  
SBEM v4.1.d  v.1.3  07-Apr-11 v.1.3  07-Apr-11 
Sterling e-
Volve 
Sterling 
Accreditation  
A/C 
Inspection 
Reporting 
software  
-  v1.2  02-Mar-12 v1.2  02-Mar-12 
SiteMaster EPC  Graebert 
GmbH  
FI-SBEM 
software 
for EPC 
and Part L 
2010  
SBEM v4.1.d  v.5.0.4.1.d  27-May-
11 
v.5.0.4.1.d  27-May-
11 
ORCalc DCLG  ORCalc 
software  
ORCalc 
v3.6.2  
v3.6.1  10-Jul-08 v3.6.2  17-May-
12 
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Software Name  Company/ 
Vendor  
Software 
Type  
Engine/ 
SpecVersion 
1st 
Version 
Approved  
Date 1st 
Approved  
Latest 
Version 
Approved  
Date Re -
Approved  
Virtual 
Environment  
IES Ltd  FI-SBEM 
software 
for EPC 
and Part L 
2010  
SBEM v4.1.d  v.6.4.0  11-Apr-11 v.6.4.0  11-Apr-11 
CarbonChecker BuildDesk Ltd  FI-SBEM 
software 
for EPC 
and Part L 
2010  
SBEM v4.1.d  v1.7  05-Apr-11 v1.7  05-Apr-11 
G-ISBEM + 
SiteNotes 
G-ISBEM Ltd  FI-SBEM 
software 
for EPC 
and Part L 
2010  
SBEM v4.1.d  v17.0  14-Apr-11 v17.0  14-Apr-11 
G-ISBEM 
Standard  
G-ISBEM Ltd  FI-SBEM 
software 
for EPC 
and Part L 
2010  
SBEM v4.1.d  v17.0  14-Apr-11 v17.0  14-Apr-11 
Space Manager  Pythagoras 
International 
Ltd  
FI-SBEM 
software 
for EPC 
and Part L 
2010  
SBEM v4.1.d  v2.61  13-Jun-11 v2.61  13-Jun-11 
DesignDatabase Bentley 
Systems (UK) 
Ltd  
FI-SBEM 
software 
for EPC 
and Part L 
2010  
SBEM v4.1.d  v25.05  06-Apr-11 v25.05  06-Apr-11 
Pro EP Cert  Bentley 
Systems (UK) 
Ltd  
FI-SBEM 
software 
for EPC 
and Part L 
2010  
SBEM v4.1.d  v25.05  06-Apr-11 v25.05  06-Apr-11 
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Software Name  Company/ 
Vendor  
Software 
Type  
Engine/ 
SpecVersion 
1st 
Version 
Approved  
Date 1st 
Approved  
Latest 
Version 
Approved  
Date Re -
Approved  
DesignBuilder 
SBEM  
DesignBuilder 
Software Ltd  
FI-SBEM 
software 
for EPC 
and Part L 
2010  
SBEM v4.1.d  v3.0.0  05-Apr-11 v3.1.0  15-Oct-12 
Lifespan SBEM  Property-
Tectonics Ltd  
FI-SBEM 
software 
for EPC 
and Part L 
2010  
SBEM v4.1.d  v4.1.d  07-Apr-11 v4.1.d  07-Apr-11 
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Appendix 3: Occupant satisfaction survey. 
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Appendix 4: Parkinson et al. driving forces questionnaire (Parkinson, et al., 2012). 
Energy management in buildings and property developments: What might the future be? 
Please give us some background about yourself: 
Name:  
Employer/ Affiliation:  
Position:  
Email address:  
Tel.:  
Your expertise relating to energy 
management in the built 
environment: 
Expert 
 
Please enter ‘’’ or ‘Y’ 
Knowledgeable 
 
Well informed 
 
Interested layperson 
 
O
p
ti
o
n
a
l 
in
p
u
t 
Your current job mostly 
involves: 
 
Briefly describe your 
current activities/ interests  
relating to energy 
management in the built 
environment: 
 
Reflect on the nature of energy management in buildings, neighbourhoods, districts and/ or 
property developments 40 years from now (i.e. in around 2050), both from a design and 
operational point of view. 
Which uncertainties do you believe could cause considerable variation to the future(s) you have 
imagined due to the magnitude of their impact AND their degree of uncertainty? 
Uncertainties are important ‘forces’/ developments/ issues/ events in the future, which may have 
different outcomes. They can be rated using the following scale: 
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Scale Magnitude (extent/ size) of the impact Degree of uncertainty (unpredictability/ unknowability) 
1 Low: It will not result in discernable change 
over and above ‘business as usual’ projections. 
Low: Clear view of the future. Dependable outcome.  
2 Low-Moderate Low-Moderate 
3 Moderate: It will result in substantive changes 
to the design and operation of energy systems. 
Moderate: Limited set of possible future outcomes, one of 
which will occur with greater probability 
4 Moderate-High Moderate-High 
5 High: It will result in radical changes to the 
design and operation of energy systems. 
High: It could have multiple outcomes, and it is impossible 
to predict which is most likely. 
We are particularly interested in the so called “critical uncertainties”, i.e. those with high (3 or above) 
ratings against both criteria. 
Please now insert into the table below the uncertainties that you believe could cause considerable 
variation to the ways in which energy will be managed in buildings, districts, neighbourhoods and/or 
property developments in 40 years’ time. We encourage you to think broadly by considering possible 
uncertainties in the following categories: 
Social: Demographics; societal preferences; lifestyles and behaviours. 
Technological: Infrastructure; equipment; innovation. 
Economic: Cost effectiveness; access to finance. 
Environmental: Changes within the natural environment. 
Political/ Policy: Governance; international agreements; legislation and regulations. 
Organisational/ Institutional: Contractual relationships; management systems; education and training; 
marketing and promotion. 
We have given some examples. Please also rate our examples and your own uncertainties using the (1 
to 5) scale given above. 
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Uncertainties: Rating 
(1-5) 
M
a
g
n
it
u
d
e 
U
n
ce
rt
a
in
ty
 
O
u
r 
E
x
a
m
p
le
s 
Future attitudes of individuals and societies concerning consumerism and the profligate use of 
energy. 
  
Availability of decarbonised energy.  
 
 
Energy prices.   
Rise in summer and winter temperatures due to climate change.   
Global agreement(s) on cuts in GHG emissions.   
Operational energy costs considered by property developers at the design stage, i.e. use of full 
lifecycle costing. 
  
Y
o
u
r 
U
n
ce
rt
a
in
ti
es
 
   
   
   
   
   
   
   
To which location do your uncertainties mostly apply? Choose one of the following: 
 Please enter ‘’ 
or ‘Y’ 
Options: Enter detail: 
 
 Anywhere in the world  
or 
 A continent, namely:  
or 
 A country, namely:  
or 
 A region, namely:  
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Please indicate your availability to participate in a scenario planning workshop in Cambridge on the 
28th July 2009. We are planning a workshop to obtain further input from a diverse group of experts. The 
workshop will aim to: 
 identify the most critical uncertainties that, in conjunction with current and future trends and 
drivers, have the greatest potential to shape the way in which energy will be managed in the 
future; 
 explore the key dynamics and implications of possible, alternative evolutions; and 
 sketch alternative end-states for energy management in buildings, districts, neighbourhoods 
and/or property developments for 2050. 
We would be grateful if you would indicate your availability to participate using the matrix below: 
 Please enter ‘Y’ 
Not available  
Available   
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Appendix 5: List of questionnaire respondents to Parkinson et al.’s driving forces survey (Parkinson, et al., 2012). 
The following 70 people responded to a questionnaire distributed in June/July 2009. 
Name Position Organisation 
Anonymous 1   
Anonymous 2   
Maria Atkinson Global Head of Sustainability  Lend Lease Corporation Ltd 
Philippe Bernier MPhil Student Centre for Sustainable Development, Dept of 
Engineering, University of Cambridge 
Dr Brenda Boardman Emeritus Fellow Environmental Change Institute, University of 
Oxford 
Kjartan Bollason PhD Student School of the Built Environment , Oxford Brookes 
University 
Charles Boulton Principal Innovation Coaching Ltd 
Dr Judith Bunbury Teaching Fellow/ Fellow Dept Earth Sciences/ St Edmunds College, 
University of Cambridge 
David Cadman Consultant Upstream at Jones Lang LaSalle, Peterborough 
Pietro  Clemente Asset Manager Grosvenor, France 
Dr Brian Cox Director Shelford Business Consultants Ltd 
Alan Chamorro Senior Vice President, General 
Manager 
Grosvenor Americas, USA 
Dr Douglas 
Crawford-Brown 
Director of Environment and 
Sustainability 
Pell Frischmann and E3 Foundation 
Lucy Davison Welcome Trust Intermediate Clinical 
Fellow 
Cambridge Institute for Medical Research 
Andy Dickinson Project Engineer & Coordinator Controlled Power Technologies Ltd, Coventry 
Dr Angela Druckman Research Fellow University of Surrey 
Simon Elmer Director of Operations Grosvenor Britain & Ireland 
Wayne Embree Managing Partner Reference Capital Management, LLC 
Dr William Fawcett Chadwick Fellow in Architecture Pembroke College/Martin Centre, Dept of 
Architecture, University of Cambridge 
Dr Shaun Fitzgerald Managing Director E-Stack Ltd, Cambridge(UK) 
Martin Fodor Construction Sector, Policy Advisor Environment Agency 
Ray Galvin PhD Student University of East Anglia 
Anna Gannon Academic Consultant University of Cambridge 
Aidan Parkinson 
Page 251 
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Maria Christina 
Georgiadou 
MPhil Student University of Cambridge 
Bryce Gilroy-Scott Lecturer/PhD Candidate University of Gloucestershire, Centre for Alternative 
Technology  
Aaron Gladstone Development Manager Grosvenor 
Hu Guangping Sino-Italian Ecological and Energy 
Efficient Building 
Tsinghua University, Institute of Energy & 
Environment Economics, China 
Mark Haslett Founder Cambridge Energy Forum, Cambridge (UK) 
Karl  Hick Managing Director Lark Fleet Ltd 
Feral Jean-Luc Manager Feral Associates, France 
Chris Jofeh Director Arup, Cardiff 
Dr Aled Jones Deputy Director University of Cambridge Programme for 
Sustainability Leadership 
Steve Kaye Manager of Innovation Anglia Water Services  
Scott Kelly Research Assistant 4CMR/Land Economy, University of Cambridge 
Richard Knights Associate Director- Utility & Energy 
Consulting Business 
Arup, Sheffield 
Joan Ko Sustainability Consultant Arup, London 
Pei-Yin Lin Lecturer in Taiwanese Studies University of Cambridge 
RosMcLellan Lecturer Faculty of Education, University of Cambridge 
Caroline McParland Ecological Impact Assessment  
Robin Mellon Executive Director-Green Star Green Building Council of Australia 
Alice Moncaster Research Assistant/ Committee 
member 
University of Cambridge/ Sustainable Built 
Environment East 
Ashok More Assistant Professor  
Dr Angus Morrison-
Saunders 
Senior lecturer in Environmental 
Assessment 
Murdoch University, Australia 
Dr Nick Murray Sustainability Manager Halcrow  Group Limited 
Aubert Nicolas Property Manager Cushmann& Wakefield, Paris, France 
Guy Olian Director Cleaner Climate 
Warren  Overton Director Viridis E3, Australia 
Simon Pickstone Strategic Planning Officer Peterborough City Council 
John Roberts Head of Energy Strategy Arup, London 
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Name Position Organisation 
Craig Roussac General Manager Investa Property Group 
Jack Sargent Associate Principal Glumac, San Francisco 
Prof Alan Short Professor/ Principal University of Cambridge/Short and Associates 
Emily Shuckburgh Senior Research Scientist British Antarctic Survey, Cambridge 
Sebastian Stachowski MPhil Student University of Cambridge 
Andrew Szyman Sustainability Manager F&C REIT Asset Management 
Remo Tacchi Credit Manager Total SA  
Chris Taite Fund Manager, Grosvenor Liverpool 
Fund 
Grosvenor, London 
Philip Tapsall Manager  - Corporate Sustainability  HSBC, Australia 
Anne Thwaites Fellow Homerton College, University of Cambridge 
Nial Tipping Planning and Environment Manager Grosvenor, London 
Stephen Tomkins Fellow/ Director of Studies in 
Biological Sciences 
Homerton College, University of Cambridge 
Tatiana Vakhitova PhD Student Centre for Sustainable Development, Dept of 
Engineering, University of Cambridge 
Scott Vollmoeller Managing Principal Glumac, USA 
Jean-Pierre Wack Environmental Consultant Eight Associates, London 
Hamish Watson CEO Polysolar Ltd, Bristol 
Dr Rick Wheal Consultant Arup, London 
David Whiter Divisional Director Workspace Group plc 
Bo Yang Post-doctoral researcher Tsinghua University, China  
Rod Yeoh Principal Omicron AEC 
Jeonghwa Yi Project Manager Korea Research Institute of Standards & Science, 
South Korea 
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Appendix 6: List of Parkinson et al.’ scenario building workshop participants (Parkinson, et al., 2012). 
Date:  28 July 2009 Time:  09:00 to 16:00 
Venue:  Judge Business School, Trumpington Street, Cambridge 
Name Position Organisation 
Annela Anger- 
Kraavi 
Research Assistant/PhD student Dept. of Land Economy, 4CMR, University of 
Cambridge 
Joanne Arbon Principal Consultant Sustainable  
Building 
AEA Technology, Oxford 
Dr Richard Barkham Member of the Advisory Committee Grosvenor, Continental Europe 
Dr Brenda Boardman Emeritus Fellow Environmental Change Institute, University of 
Oxford 
Charles Boulton Principal Innovation Coaching Ltd 
Judith Britnell Research Associate CCES 
Dr Judith Bunbury Teaching Fellow + Fellow Dept Earth Sciences and St Edmunds College, 
University of Cambridge 
Chris Chau PhD student Dept. of Engineering, University of Cambridge 
Giles Clarke Executive Director, London Estate Grosvenor 
Dr Othman Cole Research Associate CCES 
Dr Brian Cox Director Shelford Business Consultants Ltd, Cambridge 
Dr Douglas 
Crawford-Brown 
Director of Environment and 
Sustainability 
Pell Frischmann and E3 Foundation 
Dr Nicky Dee Embedded Researcher Institute for Manufacturing, University of 
Cambridge 
Dr Angela 
Druckman 
Research Fellow University of Surrey 
Simon Elmer Director of Operations Grosvenor Britain & Ireland 
Dr William Fawcett Chadwick Fellow in Architecture Pembroke College/Martin Centre, Dept of 
Architecture, University of Cambridge 
Dr Shaun Fitzgerald Managing Director E-Stack Ltd, Cambridge(UK) 
Ilaria Frau-Hipps PhD student/ private consultant in 
scenarios and future studies 
Institute for Manufacturing, University of 
Cambridge 
Maria Christina 
Georgiadou 
MPhil Student University of Cambridge 
Philip Guildford Director of Research Dept. of Engineering, University of Cambridge 
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Name Position Organisation 
Dr Theo Hacking Senior Research Associate Cambridge Centre for Energy Studies 
Chris Jofeh Director Arup, Cardiff 
Dr Aled Jones Deputy Director University of Cambridge Programme for 
Sustainability Leadership 
Steve Kaye Manager of Innovation Anglia Water Services  
Dr Helen Mulligan Director Cambridge Architectural Research 
Claire Murray Events and Marketing Manager CCES 
Prof Danny Ralph Director of Research Judge Business School, University of Cambridge 
Alan Short Professor/ Principal University of Cambridge/Short and Associates 
Prof Kenichi Soga Professor of Civil Engineering Dept of Engineering, Cambridge University 
Andrew Szyman Sustainability Manager F&C REIT Asset Management 
Niall Tipping Planning and Environment Manager Grosvenor, London 
Stephen Tomkins Fellow/DoS Biological Sciences Homerton College, University of Cambridge 
Tatiana Vakhitova PhD Student Centre for Sustainable Development, Dept of 
Engineering, University of Cambridge 
Dr Wayne Visser Development Advisor University of Cambridge Programme for Sustainable 
Leadership 
Kat von Glos Projects Officer, Innovation & 
Partnerships 
Cambridgeshire County Council 
Jean-Pierre Wack Env. Consultant Eight Associates, London 
Hamish Watson CEO Polysolar Ltd, Bristol 
Beth Wattleworth Undergraduate student Dept of Engineering, University of Cambridge 
Dr Rick Wheal Consultant Arup, London 
Kevin Wilkins Head of Office MP Cambridge 
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